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SUMMARY AND INTRODUCTION 
The central theme of this thesis is to give an analysis of the phenom-
ena that can be observed in capillary rise in porous media (e g , 
the capillary rise of water in coarse sand). These phenomena give 
rise to two problems: 
(i) When, after capillary rise, equilibrium is reached between 
gravity and capillarity, sometimes a wide saturation gradient is 
observed, while in other cases no saturation gradient is observed. 
That IS to say, sometimes there is a sharp separation between the 
dry part of the porous medium and the completely saturated part, 
and sometimes there is a very gradual change from the saturated 
to the dry part. 
(ii) In some cases equilibrium is reached after a few minutes 
(for capillary rise of water in coarse sand). In other cases it may 
take several weeks before equilibrium has been reached. 
The contents of this thesis can be divided into two parts. The 
first chapter is the text of a review article concerning the use 
of porespace models and other approaches to describe transport phenom-
ena in porous media (emphasizing capillary liquid transport). On 
the one hand the first chapter is the introduction to the other four 
Chapters, which treat the two problems mentioned above. On the other 
hand it is the endogeneous justification of the research described 
in the following chapters. The main conclusions of chapter one are: 
(i) Capillary liquid transport in porous media cannot be 
described without taking into account the geometry of the porespace. 
(ii) Different transport phenomena require different porespace 
models. This is the more important because the input parameters of 
the models are often determined by transport phenomena, which are 
different from those to which the model is applied. 
(ill) Capillary rise is the most complicated transport phenom-
enon in porous media. This is illustrated by the fact that, of all 
porespace models proposed in the literature, none is capable of 
explaining, not even qualitatively, the phenomena observed with 
capillary rise. 
The next chapters mainly concern capillary rise. In the second 
chapter the experimental techniques are described and the character-
istics of the four kinds of capillary rise are elucidated by means 
of a large number of examples. Most experiments were performed with 
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sand, glass beads, or polystyrene spheres as the solid phase. Water 
and various organic liquids were used as the rising liquid. In 
the third chapter the more superficial hypotheses that could explain 
the different kinds of capillary rise are refuted (e g : homogeneity 
of the packing, air entrapment, capillary condensation). 
The attempt to explain the observed phenomena is introduced 
in chapter four by establishing the following two empirical laws: 
(1) The occurrence of a wide saturation gradient at equilibrium 
corresponds to a contact angle of about zero. A sharp liquid front 
at equilibrium corresponds to a contact angle above some critical 
value. 
(2) The relatively slow capillary rise is caused by the fact 
that the contact angle decreases during capillary rise. 
A large part of the fourth chapter is formed by a priori con-
siderations concerning the contact angle of different systems. The 
resson for this is that a number of systems yield a contact angle 
larger than zero for combinations, such as glass-hexane, for which 
this would not be expected. One of the conclusions is that poly-
molecular adsorption films, with properties different from those of 
the bulk liquid, occur more often than is generally assumed. Further, 
a number of mechanisms is considered that might explain a decreasing 
contact angle. At present definitive conclusions regarding the 
interpretation of the above mentioned empirical law (2) are not yet 
possible. 
In the final chapter the mechanism of a moving liquid front in 
an irregular sphere packing is analyzed, in order to explain the 
above mentioned law (1). This mechanism and the interpretation of 
law (1) can be summarized as follows: 
(a) The liquid-vapour interface consists of concave and anti-
clastic parts. (Anticlastic means that the principal radii of 
curvature have an opposite sign). The anticlastic or a-menisci are 
contained by two spheres. The concave or y^enisci are contained by 
three or more spheres. 
(b) The porespace can be visualized as a number of cavities 
connected by windows. The mechanism of transport is governed by a 
continuous merging and generation of menisci. The continuity of 
transport is sustained by two mtersupporting mechanisms: 
(i) The filling of windows by merging a-menisci. 
(ii) The filling of cavities when a number of windows are closed. 
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(c) Primarily, capillary rise is dependent on the a-menisci. 
The Y'n'snisci have a supporting function, and are necessary to 
fill the cavities, but they cannot, by themselves alone, maintain 
continuity of transport. 
(d) In first approximation the saturation gradient at equilib-
rium IS a function of the window-size distribution. In an irregular 
sphere packing there are a large number of minimum size (ie the 
window between three contiguous spheres). If the a-menisci, which 
fill these smallest windows, together with the y-menisci, can main-
tain continuity of transport, then no saturation gradient will be 
observed. 
(e) The dependence of the curvature on the contact angle is 
different for a- and y-menisci. The contribution of the y-menisci to 
the continuity of transport is more important at higher values of 
the contact angle. Above some critical value of the contact 
angle the maximum height of capillary rj.se is determined solely 
by the smallest window. 
CHAPTER 1 
PORESPACE MODELS FOR TRANSPORT PHENOMENA IN POROUS MEDIA 
Review and evaluation with special emphasize on oapillary liquid transport 
1.0. Summary 
A classification and characterization is given of the more import-
ant transport phenomena in macroporous media (molecular diffusion, 
VISCOUS flow, transport phenomena involving moving menisci: wetting, 
capillary rise, drainage, drying). Porespace models are used to 
obtain values for the transport coefficient (effective diffusion 
coefficient, permeability) and - when applicable - the driving force 
(capillary potential) in the transport equation. These models and 
this approach have to be distinguished from (i) models used in 
simulating particle packings, (ii) models used in determining the 
so-called pore-size distribution (suction technique, mercury poros-
imetry) , (ill) analytic calculation of the transport coefficient, 
and (iv) overall description of the transport phenomena (in which 
the microscopic porespace structure is not accounted for). 
An enumeration of almost all proposed models is presented and 
classified with reference to the porespace mterconnectivity. This 
interconnectivity may be one-dimensional (tubes in parallel, in 
series; tubes with constrictions; random adjacent slices models), 
two-dimensional (network models), three-dimensional (regular sphere 
packings; tetrahedra networks; tubes and/or junctions randomly in 
space), and strictly zero-dimensional (simple capillary elements 
used in ad hoc explanations; independent domain theory). 
In order to remove too optimistic ideas about the use of 
porespace models all models are checked against the phenomena of 
capillary rise (e g water m sand). The predictions of the models 
regarding the statics and dynamics of capillary rise are compared 
with the experimental facts and it appears that none of the models 
can even give a qualitative description of the observed phenomena. 
The situation is better for other transport phenomena than it is 
for capillary rise, but it should be realized that even slightly 
different transport phenomena ask for a different approach and 
The contents of this chapter are identical to that of a review article to 
appear m Powder Technology. A few notes have been added which refer to 
the subsequent chapters. 
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further, that improvement of porespace models should be directed 
by a more careful analysis of the non-macroscopic physical phenomena. 
It IS the ghost of the concept of a pore-size (distribution) that 
plays a dominant role here. This concept is analyzed. 
Finally a number of seemingly comparable phenomena or concepts 
are discussed: drainage - imbibition; suction - mercury porosimetry; 
molecular diffusion - viscous flow; capillary potential and permea-
bility as a function of liquid content. Tacitly this comparison 
gives an evaluation of the porespace models for the transport phenom-
ena involved. Suggestions for further research are given. 
1.1. Introduction 
Consider a plate of sand, a brick, or a mass of soil, saturated 
with water and subjected to drying conditions. First evaporation 
takes place at the outside surface, later on somewhere mside the 
porous medium. Several transport phenomena take place. Heat flows 
from the atmosphere to the place of evaporation. Diffusion of 
water vapour takes place in the opposite direction. As long as 
the liquid phase m the porous medium is continuous, there will be 
liquid transport to the place of evaporation, induced by capil-
lary forces. 
In order to describe these and other transport phenomena in 
porous media we have to know which processes take place, what the 
driving forces are, and what are the transport coefficients. The 
macroscopic transport coefficients and some driving forces (such 
as the capillary potential) are, among other things, a function 
of the geometries of the interfaces between the different phases 
in the porous medium. These geometries are, in general, very com-
plex. Therefore, many models or theories have been proposed to 
describe one or more of the transport coefficients and the 
capillary potential as a function of structural parameters of the 
porous medium (such as porosity and specific surface). 
The goal of this review is the classification and evaluation 
of these porespace models. As will appear, this objective covers 
a very broad area; therefore, a large number of restrictions are 
made to decrease the complexity of the systems to be described and 
compared. These restrictions include: the porous medium is statis-
tically homogeneous and isotropic; the porespace is continuous, 
of a rather simple structure (no bidisperse porous media; porosity 
7 
30-60%), and the so-called pores are not too small (0.1 - 2000 vim); 
the solid surface is fixed (no swelling or consolidation) and 
inert to the other phases; the number of phases and components is 
restricted and only very simple initial and boundary conditions 
are considered (one dimensional transport only). 
Further restrictions will be made as we proceed. As far as 
possible, reference will be made to reviews or selected papers that 
give an introduction to problems not discussed in the present 
review. In such cases the reference number is preceded by 'R'. In 
describing proposed models or theories we often use literal phrases 
from the original sources without quotation marks. Quotations marks 
are used only when a criticism follows. 
1.2. Classification of transport phenomena in porous media 
The literature concerning transport phenomena in porous media is 
scattered over a large number of areas. Many examples could be 
given of knowledge or experimental methods several times being 
proposed as novel in different applied sciences and/or geographic 
areas. In Table 1.1 the major contributing disciplines are given, 
together with selected references that give access to the litera-
ture. In the sub-sections that follow typical examples of the 
variety of transport phenomena in porous media are given. 
TABLE 1.1 
Major disciplines that contribute to the knowledge of transport phenomena in porous media 
Description 
transport phenomena in porous 
media, general (pretended) 
characterisation of porous 
media; particle packing 
structure 
flow in packed beds 
drying 
heterogeneous catalysis 
petroleum and groundwater 
engineering 
soil physics 
building physics 
Introduction 
[1] 
[8] 
[15] 
fl8] 
[25] 
[1,28] 
[32] 
[39] 
Books, 
reviews 
[2-61 
[9,10] 
[16,17] 
[20,21] 
[26] 
[2,29] 
[33,34] 
[37,38] 
Older 
English 
literature 
[3] 
[HI 
[191 
[22] 
[3,30] 
[35,36] 
German 
literature 
[5,6] 
[12,13] 
[5] 
[20] 
[131 
[201 
Russian 
literature 
[4,7] 
[14] 
[21,23,24] 
[27] 
[31] 
[4] 
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When classifying transport phenomena m porous media we 
should first distinguish between capillary liquid transport and 
non-capillary liquid transport. More precisely: we should distinguish 
between transport phenomena that are partly determined by the ge-
ometries of liquid-vapour menisci present m the porous medium and 
those that are not. In the latter case the driving force is, in 
general, not a function of the structural properties of the porous 
medium and we are interested only in models for the porous medium 
that help in specifying the transport coefficients. From this class 
of transport phenomena, heat conduction, molecular diffusion, vis-
cous flow, and dispersion are treated in the next four sub-sections. 
In the case of capillary liquid transport both the driving force 
and the transport coefficient are a function of the geometries of 
the porespace. From this class we will discuss capillary rise, wet-
ting, infiltration, drainage, drying, and the transport phenomena 
that occur in the suction and mercury porosimetry measurement 
techniques. In Fig. 1.1 the transport phenomena to be discussed are 
represented schematically. 
1.2.1. Heat conduction. Description of heat transport m porous 
media is of importance in many applied sciences. One may think of 
the thermal properties of dried products (especially foods), insula-
ting systems, heat pipes, chemical or nuclear reaction in packed 
beds, etc. First we will restrict ourselves to conduction. In porous 
media convection will often be negligible and radiation is of import-
ance only at high temperatures [R40]. When the isothermal lines 
are parallel we can write 
which is Fourier's equation with an effective conductivity. The 
latter is a complicated function of the conductivities of the differ-
ent phases present, and of the structural and surface properties 
of the porous medium. 
Heat conduction is m some important aspects different from 
other transport phenomena in porous media. Most and for all this is 
due to the fact that transport takes place m all phases. In dry 
porous media the conductivity of the gas phase will often be negli-
gible and knowledge about the resistance to heat flow at the contact 
points between the particles is necessary, especially in the case 
of evacuated insulation systems of hollow spheres [41] . Most research 
9 
carried out on the effective conductivity is empirical. Only in a 
few cases the models used are comparable with those used for other 
transport phenomena [41-43]. Therefore, m what follows, heat con-
duction will not often be mentioned. 
1.2.2. Molecular diffusion. Diffusion of gas or vapour in porous 
media occurs in many circumstances: diffusion of water vapour, 
oxygen, and carbon dioxide in soils; transport of water vapour in 
construction materials (timber, brick, concrete) and reaction 
products m catalysts; during drying of granular materials or 
porous media and underground storage of (radioactive) gases. 
Knudsen diffusion, which occurs in microporous media, will not be 
considered. For binary gas diffusion we may write 
"^ PA 
•^A^-^eff IT (^ -2) 
hence Fick's law with an effective diffusion coefficient. In the 
discussions that follow we will always refer, tacitly, to the 
simple diffusion experiment depicted in Fig 1.1b. For ideal 
gases eq (1.2) can be derived from the kinetic gas theory [44,45], 
that is to say 
^eff = «-^ AB (I-3) 
where Q, the diffusibility, is only a function of the porespace 
geometry. For simple structures, like regular sphere packings, Q 
can be calculated [46]. It should be noted that such regular 
structures are always anisotropic. 
The mechanism of molecular gas diffusion is akin or analogous 
to the conductivity of a non-conducting porous medium saturated 
with a conducting liquid and to the dielectric conductivity of the 
medium. The electric conductivity of porous media is used as a 
characterisation technique in geology (petroleum technology) to 
determine what is called the formation factor [R47]. 
Several attempts have been made to derive Q for one or more 
of these transport phenomena as a function of the porosity, e, of 
some considered sphere packing [R43, R48, R49] , but the assumptions 
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that have to be made are rather unrealistic. Recently it has been 
suggested that [43] 
Q = ^ (1.4) 
for the diffusion (and ionic conductivity) in any irregular sphere 
packing, independent of the particle size distribution or the num-
ber of contact-points. However, experimental values of Q do not 
seem to confirm eq (1.4), [49]. 
1.2.2. Viscous flow. The main areas where we meet mass transport by 
viscous flow are, firstly, the transport of ground water, petroleum, 
and natural gas in porous natural material (soil, limestone, sand-
stone, mica), and secondly, the flow through packed beds as encoun-
tered m chemical engineering [R17], water winning, and chromato-
graphy [R50]. We will not consider gas flow [R16], non-Newtonian 
flow [R51], or cases in which the inertia terms cannot be neglect-
ed [R17]. 
For the simple experiment as depicted in Fig 1.1a, Darcy 
[52] found 
q = K ^ (1.5) 
with L the length of the porous medium, AP the pressure loss over 
the packing, and K a constant depending on the properties of the 
packing and the liquid. Darcy's law has the same form as the 
Poiseuille law for laminar flow in a cylindrical tube of radius r, 
See for the connection between these two equations and the Navier-
Stokes equation eg [333]. For easy comparison with other transport 
phenomena, we write eq (1.5) in the following form: 
q = -k ^ ( f + xcosa) (1.7) 
with "f the pressure head and icosa the elevation head. Many attempts 
have been made to derive eq (1.7) from the Navier-Stokes equation 
[R53], but the assumptions and the rigidity of the proposed deriva-
tions are still under discussion [54]. For regular sphere packings, 
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several approximate calculation methods for the permeability, k, 
have been proposed, eg [46,55,56]. 
1.2.4. Dispersion. Dispersion is the spreading of a tracer, a 
solute, or of heat carried by a fluid flowing in a porous medium, 
and IS caused by the irregularities of the streamlines. Dispersion 
in packed beds is of importantce in chemical engineering [R57] and 
chromatography [R58]. In hydrogeological sciences dispersion plays 
a role in the transport of fertilizers, contaminants (underground 
waste disposal), and in the encroachment of salt water. Dispersion 
is related to miscible displacement in porous media; the latter will 
not be discussed [R3]. 
The dispersion coefficient can be introduced in different ways. 
One of them is the following. A fluid particle will undergo a cer-
tain displacement in a time interval T. Each possible displacement 
has a certain probability. If the displacements are assumed to be 
independent and the standard deviation of the probability distribu-
tion displayed m the displacement is a, then the dispersion coef-
ficient, D, can be defined as 2a^/r [59-61]. 
The dispersion coefficient is also called the convective or 
mechanical diffusion coefficient. One of the main problems in model-
ling dispersion phenomena is that the longitudinal or axial dis-
persion coefficient is not equal to the transverse or lateral 
dispersion coefficient. When not indicated otherwise we always 
mean longitudinal dispersion when we speak of dispersion. 
1.2,6. Capillary liquid transport. All the disciplines mentioned 
in Table 1.1 are concerned with capillary liquid transport in 
some way or another. Most liquid transport m soil involves cap-
illary liquid [R33,R62]. In reservoir engineering one may be 
interested in the connate water distribution [R63] or the 
threshold pressure [64], but the mam interest here is in the 
mechanism of the displacement of oil by water [R65]. In this 
review we will not consider liquid-liquid menisci, only liquid-
vapour menisci. In chemical engineering capillary liquid transport 
takes place during drying [RIB] or mechanical dewatering [R66,R67] 
of powders, sludge, etc. Further, to give just a few examples, 
knowledge of the mechanism of capillary liquid transport is of 
interest in such diverse applications as: porous electrodes [68], 
storage of liquids m the absence of gravity [69], wetting of 
fibres (paper, textile) [70], rain penetration in walls and roofs 
[71], and capillary rise m wood [72,73]. 
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In 1907 Buckingham [74] proposed an equation for capillary 
liquid transport, which can be written in the same form as the 
Darcy equation, 
q = -k S-i'V + xcosa) (1.8) 
dx 
in which, now, both k and T are dependent m a non-unique way on 
the liquid content, u, of the porous medium, and f is called the 
capillary potential (also: moisture potential, suction potential). 
In the neighbourhood of a meniscus S* is directly related to the 
capillary pressure; 
f = — (1.9) 
P9 
and for p (Laplace equation for hydrodynamic equilibrium of a 
meniscus): 
Pc = ^'F^""?-' = YC (1.10) 
m m 
where r and r' are the two radii of curvature of the meniscus. 
m m 
See for a review of the hydrodynamics and thermodynamics of capil-
lary liquid [70,75]. The radii of curvature are a complicated 
function of the geometry of the porespace and the contact angle, 9. 
Hence, for capillary liquid transport, we need not only a model for 
the transport coefficient, k, but also for (part of) the driving 
force, le the capillary pressure. In the equilibrium situation, 
after capillary rise in a cylindrical capillary, we have 
pgh^ = -yC = ^ISSSl (1.11) 
From the thermodynamic equilibrium condition for the phases at 
both sides of the meniscus, the Kelvin equation follows [R76,R77], 
p = p exp(yCM/pRT) (1.12) 
Hence, when transport takes place in a partly saturated porous 
medium, the presence of a capillary potential gradient is accom-
panied with a vapour pressure gradient. The difference between p 
and p can, in general, be neglected when \c\ > lO'm"'. 
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1.2.6. Wetting, capillary rise, infiltration. Vlhen an initially dry 
porous medium is wetted by a moving liquid front, this is called 
capillary rise, infiltration, or (horizontal) wetting, depending 
on the value of a in eq (1.8). The three processes are illustrated 
in Fig 1.1, picture c, e, and f. Wetting and capillary rise have 
been studied mainly with respect to powders and fibres. In soil 
science much work has been done in solving eq (1.8), assuming k{u) 
and <¥ iu) to be known [R78] . 
The rate of movement m a cylindrical capillary is easily 
derived from a macroscopic energy balance [cf eq (1.6)], 
2 h - a:cosa dx _ r^ _c 
dt 8ri X n'i (1.13) 
Probably, this equation was first derived in 1918 by Lucas [79] 
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Fig 1.1. Schematic view of some transport phenomena in porous media. 
Nomenclature: a, b, c, d: porous medium; a: filled with liquid; 
b: filled with gas; c: initially filled with gas; d: initially filled 
with liquid; e: wetting phase; f: non-wetting phase; g: liquid con-
nected to free liquid surface kept at consteint level; h: piston; k: 
stationary gas phase; m: membrane, only permeable to wetting phase; 
0 : flow of liquid; 0 : flow of fluid that displaces or is displaced 1* D 
by the liquid; 0 : molecular transport caused by concentration gradient 
in gas phase. 
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and independently by Washburn in 1921 [80]. When a= 90° or 
h >> xcosa we obtain 
d£ 
dt Sife/-= ^'-'iK^-n ''•''' 
which equation is known as the Washburn equation, though it was 
already derived and verified in 1906 [81]. Several assumptions 
are made in the derivation of eq (1.13) [82-86], but we do not 
know of any experimental evidence that indicates these assumptions 
to be unwarranted. 
If we assume a sharp liquid front advancing m a porous me-
dium, we can write for eq (1.8): 
eg£ = -;, y ^  xcosa ^^^^5 
dt X 
which has much in common with eq (1.13), but it must be emphasized 
that eq (1.8) is not more than an hypothesis. We will presently 
return to the question whether there is any experimental support 
for eq (1.8) or (1.15). 
1.2.?. Drainage and suction. Drainage is called the process in 
which liquid drains from an initially completely saturated porous 
medium until equilibrium is reached between capillarity and grav-
ity (Fig l.ld). For an infinitely porous medium and an infinite 
reservoir of liquid the wetting and infiltration process never 
reaches equilibrium. In the case of capillary rise and drainage, 
equilibrium is reached when for each x 
f + xcosa = 0 (1.16) 
where a: = 0 at the level of the free liquid surface. 
Suction IS a technique to measure >? as a function of u [R87-
89]. Probably the technique was first used by Versluys m 1916 
[328]. The saturated porous medium is connected to a liquid reser-
voir by way of a membrane. A pressure difference, AP, is created by 
external means between the gas phase above the menisci in the po-
rous medium and that above the free liquid surface, eg as depicted 
in Fig l.lh. At each equilibrium point this pressure deficiency is 
equal to T (it is assumed that icosa = 0). When the liquid content 
of the porous medium is determined at each AP, one obtains a f-u 
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relationship. The liquid displacement between a change of one AP 
to another is, in general, not reversible. Hence, there exist an 
infinite number of f-u functions. 
1.2.8. Mercury porosimetry. If an evacuated porous medium is im-
pregnated with mercury m small steps by means of an external 
pressure (cf Fig 1.1k), we obtain a ^-u relationship as well. The 
technique was proposed by Washburn in 1921 [329]. The family of 
"i-u functions obtainable by mercury porosimetry and that obtainable 
by suction cannot be correlated in a simple way. We will return to 
this point in section 1.10.6. 
After Its introduction m 1945 [90], mercury porosimetry has 
found wide application as a characterization method for porous 
media [R91,R92], in particular for catalysts, adsorbents and other 
microporous media. 
1.2.9. Drying. For the transport mechanisms described in the 
three preceding subsections, the direction of flow of the displa-
cing and the displaced phase is the same, when considered at a 
macroscopic level. This is, in general, not the case during drying 
where, as represented in Fig l.lg, liquid or vapour leaves the po-
rous medium in one direction and air enters the porous medium in 
the opposite direction. In the sense that drainage is the opposite 
of capillary rise drying may be compared with the wetting of a dry 
porous medium completely immersed in a liquid, though in the latter 
case the porous medium can explode [93,94]. 
The way m which the air replaces the liquid is of considerable 
importance in explaining the macroscopic drying behaviour. For 
example, m explaining the occurrence of a period of constant 
drying rate at diminishing liquid content, the occurrence of air 
entrapment has been postulated [21]. Though air entrapment has been 
observed under special circumstances [95] and the occurrence of dis-
continuous redistribution of menisci - Haines jumps - has been con-
firmed experimentally [75,96], the period of constant drying rate 
can also be explained without invoking the occurrence of air entrap-
ment [97,98]. 
1.2.10. Other transport phenomena In the evaluation of the porespace 
models for transport phenomena in porous media, we restrict our-
selves to the transport phenomena mentioned in the preceding sub-
sections and consider them only under the simple initial and bound-
ary conditions as illustrated in Fig 1.1. Because models are often 
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proposed for more than one transport phenomenon, we will occa-
sionally refer to the statics and dynamics of sorption isotherms for 
microporous media [R9,R99] and the combined transport of liquid and 
vapour [100,101]. It may be noted that for non-isothermal transport 
[R4 ,R20 ,R102] , the dependency of Q, k, and "}• on the interface ge-
ometries within the porous medium remains the same. 
Let us finally mention some phenomena that may occur during 
vapour or liquid transport and can be responsible for apparently 
anomalous behaviour: the existence of liquid water with other prop-
erties than normal water [R103,R104] and the occurrence of film 
flow caused by surface tension gradients [R105] or disjoint press-
ures [101,106]. 
l.S. Non-porespace models 
Before we enter into a discussion of the porespace models that 
have been proposed to relate the transport coefficients and the 
capillary potential to structural properties of the porous media, 
we mention some alternative approaches m this section. The last 
two sub-sections of this section are rather polemical and somewhat 
biased. This was thought necessary to counterbalance the bias to 
the other side now in fashion. 
1.3.1. Empirical correlations. From the earliest studies there has 
been the wish to express the transport coefficients as a function 
of the porosity. Probably the first to determine such a correlation 
was Buckingham [107], who, m 1904, found for soils D ^^  =e and 
err 
kac^~''. Since then for JD ff many [R49] and for k numerous [R17, 
R108] empirical correlations with e have been published. Since 1960 
proposals have been made concerning the mathematical form of the 
f(u) and k{u) functions, as determined empirically (eg [109-111]). 
Often such correlations are presented as following from a dimen-
sional analysis, especially for "f [112] and k [108]. (In the latter 
case fluidization and sedimentation may be included [113].) However, 
because important variables like e and u are dimensionless, a 
geometric analysis seems more appropriate than a dimensional 
one. 
Of course the distinction between formal models, such as 
empirical correlations, and conceptual models, such as porespace 
models, is not sharp; especially when the latter contain one or 
more parameters obtained by curve fitting. 
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1.3.2. Discrete particle models. These models, which are used in 
describing flow through porous media, do not picture the system 
as a porous medium through which a fluid flows but as an assem-
bly of particles submerged in a flowing fluid [R3,R17,R114].The 
analogy with sedimentation or elutriation is clear. Typical 
examples of this approach [115,116] are those in which it is 
assumed that two concentric spheres or cylinders describe a typi-
cal cell in a random cluster that is considered to have many cells. 
Each cell contains a particle surrounded by a fluid envelope, ie , 
the entire influence due to each particle is confined to the cell 
of fluid with which it is associated. See for an evaluation of 
this class of models [114,117] and also the recently proposed model 
of Neale and Nader [43,334], which predicts JD and k for random 
sphere packings solely as a function of e and d. 
In a methodological sense, we may compare the discrete par-
ticle models for viscous flow with the dusty gas model for dif-
fusion [118]. In the dusty gas model the solid phase of the porous 
medium is introduced in the kinetic gas theory as an assembly of 
very large molecules. 
1.3.3. Continuum models. There is a tendency in the literature to 
distinguish between models that treat the transport phenomena on 
an average basis, while ignoring local structural details, and 
models based on an assumed porespace structure - which can be done -
and to consider these as alternative approaches, e g [2,3,119] -
which IS uncorrect. Of the different continuum models we will sub-
sequently discuss statistical dynamics (analogy with kinetic gas 
theory), classic continuum theory, and application of the thermo-
dynamics of irreversible processes. Finally we will make some remarks 
on the form of the transport equation for capillary liquid transport. 
Statistical dynamics. Scheidegger [59] discards porespace models, 
because 'it is unavoidable to introduce fudge factors ... [and this] 
... nullifies the very purpose of introducing the models'. We should 
develop a statistical dynamics comparable to Gibbsian statistical 
mechanics. (The analogy being between fluid-particles and molecules.) 
Though many articles have been written since 1954 [R120]. the prac-
tical usefulness of this approach seems limited. In particular it 
is difficult to understand in what sense this approach is an alternative 
to considering porespace models, if in statistical dynamics a variable 
B occurs which 'at every point will depend on the shape and size of 
the opening through which the fluid packet passes' [591. 
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Continuum approach. In this approach the actual porous medium 
filled with a flowing homogeneous fluid is replaced by a fictitious 
continuum, to each mathematical point of which (whether in the 
solid or in the porespace) medium parameters such as e or k can 
be assigned. The essential point is the definition of a repre-
sentative elementary volume, or physical point, over which aver-
ages of medium, fluid, and flow properties are performed [121]. 
The main proponent is Bear [2]. Though he acknowledges the need 
of porespace models (for example m the specification of the 
source function that occurs in his model of overlapping or inter-
penetrating contmua for polyphase flow in porous media [121]), 
this IS not wholeheartedly. Thus, on page 134 of his [2], he 
speaks of his own approach, yielding a relationship 'in which 
permeability is related to porosity, to tortuosity and to conduc-
tance of the elementary matrix channels', as being purely theor-
etical. Such in contrast to the semi empirical approach of the pore-
space models for which 'numerical coefficients must be deter-
mined experimentally'. But such a contrast is not permitted be-
cause his purely theoretical approach does not yield in any way 
whatsoever, e g, the value of the conductance of the elementary 
matrix channel. 
Especially with respect to capillary liquid transport the 
sense of a continuum approach seems disputable. According to Bear 
([2], page 25 and 446) parameters like k and f are parameters 
of ignorance, which must be deduced from actual experiments. But 
in the case k and * are unknown non-unique functions of u, as 
they are, it would seem that any continuum theory going further 
than stating eq (1.8) is inopportune. The same criticism can be 
levelled against the local averaging approach when the equations 
of change contain f [122]. 
Irreversible thermodynamics This approach, it is said, 'affords 
insight into all factors affecting transfer within the medium' 
([123], Italics added). The main proponent is Luikov, whose 
account of capillary liquid transport will be discussed m the 
next sub-section. The phenomenological equations presented m the 
publications using this approach (e g [4,123,129] ) are mainly of 
two kinds: they already occur m [124] or they are postulated (and 
hence do not belong to the theory of irreversible thermodynamics) . 
Further, as with the other overall approaches, when it comes to a 
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specification of the transport coefficients or the thermodynamic 
potential, porespace models are necessary [125,126]. 
The form of eq (1.8) In simple as well as sophisticated overall 
descriptions of capillary liquid transport, eq (1.8), neglecting 
the gravity term, is often rewritten m the following way [4,20, 
127,128,etc]: 
q = -ID ^ (1.17) 
^ u dx 
in which ID , the moisture diffusivity, = fedT/dw. 
The inclination to use du/da; as the driving force, in stead 
of d^/Ax, has to be strongly advised against. In no sense of the 
term can the liquid content be regarded as the driving force. 
Moreover, it leads to the confusion that ID is, at the least 
approximately, a constant. Energy is spent in providing explana-
tions or solving equations in which it is assumed that ID is a 
constant [24,130,131], while the data available in the literature 
show It to change, in general, several orders of magnitude as a 
function of u. 
1.3.4. Luikov's metaphysics. Luikov considers eq (1.17) as a 
phenomenological equation in the sense of the thermodynamics of 
irreversible processes. Because it appears that for capillary 
liquid transport ID is not a constant Luikov proposes to replace 
eq (1.17) by [24,132-134] 
'^-^ui-^rmi (1-18) 
in which T is the relaxation time or period of propagation of 
moisture transport in capillary-porous media. A second reason to 
use eq (1.18) would be that T IS much greater than the period 
of propagation for heat transport. (It may be noted that eq (1.18) 
IS not intended to account for the inertia terms in the Navier-
Stokes equation.) For the following reasons we think there is no 
ground for introducing eq (1.18): 
(i) Luikov has never presented a derivation of eq (1.17); it 
IS introduced ad hoc, invoking the analogy with Fourier's and 
Fick's law. It seems certain that it cannot be derived from irre-
versible thermodynamics alone [126]. But apart from that, there is 
no reason to introduce eq (1.18) on the basis that ID is not a 
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constant. This might just mean that Au/dx is not the correct thermo-
dynamic driving force. Moreover, there is a difference between ID^ 
being a function of u and ID being a function of du/di. 
(ii) The physical meaning of x is unclear. Luikov gives the 
definition x = ID /w^ , where w is the rate of propagation of 
rm u rm rm 
mass. An estimate of w is obtained from the 'capillary velocity 
r m IT J 
in mono-capillary-porous bodies', for which [133] w = a /x [cf eq 
(1.14)]. Apparently, in that case the rate of propagation of mass 
IS the same as the thermodynamic flux, ie q = eu , which seems 
a strange conclusion. Further, by this definition, x is certainly 
not a constant. Moreover, the choice of u , as obtained on a cer-
rm 
tain system, le sand-water [135], is completely arbitrary. Particu-
larly as the values of ID , used to make an estimate of x [which 
•' u rm '• 
estimate is part of the argument to introduce eq (1.18)], have been 
obtained on other systems. 
(ill) Luikov [132] reports confirmation of eq (1.18), but 
this verification seems completely accidental when it is noted that: 
Firstly, capillary rise experiments are performed with systems for 
which, at least in some cases, the gravity term cannot be neglected. 
Secondly, part of the confirmation is provided by the same experi-
ments from which the values of w are obtained. But m that case 
rm 
the fact that, as is reported, w = a /x implies that eq (1.17) is, 
rm o 
at least qua form, the correct one (with ID = za and a sharp 
u o '^  
liquid front, which was assumed). And finally it seems a somewhat 
contradictory result in the context of relaxation phenomena that 
eq (1.17) IS a good approximation of eq (1.18) at short times [134]. 
More criticisms can be made but the above should suffice to 
show that 'the theory of similarity, which is the study of methods 
of scientific generalization of the data of a single experiment' 
([4], page 74), sometimes suffers from losing contact with reality. 
1.4. One-dimensional porespace models 
In this and the subsequent three sections a systematic inventory 
IS given of the porespace models that have been proposed. One-dimen-
sional models entail that transport is possible m one direction 
only. Two-dimensional models permit transport m a plane containing 
the macroscopic transport direction. Three-dimensional models permit 
transport also in a plane perpendicular to the macroscopic trans-
port direction. Within this mam classification further refinements 
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are made. Every model has been given a number that refers to its 
place in the classification scheme. As is usual in such cases, some 
models fit in the adopted structure better than others. The policy 
has been that, in order to get a general view, it is better to force 
the existing models in the best possible scheme than to admit excep-
tions or intermediate cases. Elements of several one-dimensional 
porespace models are represented in Fig 1.2. 
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Fig 1 2. Elements of porespace models with one-dimensional connectivity. 
1.4.1. Parallel tubes with fixed radius ClU The following models come 
under this category: equivalent radius {111), hydraulic radius {112), 
tortuous cylinders (113). The porespace is pictured by a bundle of 
parallel uniform tubes, which may be tortuous. See Fig 1.2. 
Equivalent radius (llU If an equivalent radius exists then the 
values of the macroscopic transport coefficients and the capillary 
potential can be calculated from the available equations for 
cylindrical capillaries and the fact that the number of tubes in a 
unit volume, N, follows from E = Nitr'. One may, of course, assume 
that only part of the porespace is available for the equivalent 
tubes in the transport direction considered [136]. 
Slichter [137], in 1899, related the equivalent radius to 
the particle size by considering what tubes can be recognized in 
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regular sphere packings. He assumed that there exists a unique 
r(d,e) function; this is not the case [11]. In most cases the 
equivalent radius is determined by one transport phenomenon and 
used to predict another. For example, the equivalent radius of a 
filter may be determined by the breakthrough pressure, p., which 
IS the pressure necessary to force air through a saturated porous 
medium. According to model 111 the equivalent radius follows from 
eq (1.11) where p = pgh . 
In contact angle determinations of the Washburn or Bartell 
type [80,138-140] model 111 is used tacitly, m the sense that it 
IS not necessary to know the value of the equivalent radius. 
Hydraulic radius ni2j This model can be considered as a model 
for 111. For non-circular tubes the hydraulic radius, r, , has been 
defined as the ratio between the cross section and the perimeter 
of the tube. The analogous definition for the porous medium then 
yields, with s the specific surface in (m^  solid surface)/(m^ 
solid phase), 
T = ^ h = M ^ >, (1.19) 
2 h (l-e)s 
From which it follows that, for the equilibrium after capillary 
rise or drainage, 
Pi^ = Pgh^ " y ~ ^ cos6 (1.20) 
an equation popularized by Carman [141], but it was already used 
in 1905 by Mitscherlich [142] to determine the particle size from 
capillary rise experiments (for spheres s = 6/d). Eq (1.20) has 
been proposed as a possibility to determine s from h [70,141-146] 
and has been used as a justification of methods to determine 8 
[147,148]. Carman has later mitigated the validity of eq (1.20) 
[149]. 
From eqs (1.6), (1.7) and (1.19), together with the fact that 
the superficial and interstitial velocity differ a factor e, it 
follows that [150,151] 
fe = Ci ^  (1.21) 
'l (i-e)^8^ 
Ci IS a function of the form of the tubes, for cylinders 5i = 0.5. 
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Values for various other forms have long been known [152], but 
they are all too high to fit experimental data. Therefore, Ci is 
considered to be an empirical constant. 
Sometimes the hydraulic radius concept is used by authors who 
pretend not to make any assumption about the porespace geometry. 
For example, Fricke et al [67] write: 'This equation [stating the 
equilibrium between centrifugal and capillary forces] requires no 
assumption about the shape and size of the capillary or the number 
of capillaries.' Since the capillary force is supposed to act on 
the three-phase line in a partially saturated packing, it will be 
clear that, the moment the length of this three-phase line is re-
lated to the particle size, an assumption is made concerning the 
nature of the meniscus and thus of the porespace. 
Tortuous tubes (113^  Model 113 is the accepted model for dif-
fusion [25,153-155], 
e^ff = ^ ^ A B (1-22) 
X IS the tortuosity, which can be defined as the ratio between the 
actual tube length and its projection on the transport direction. 
The value of x can be determined from the ionic conductivity of a 
porous medium, using an analogon of eq (1.22). 
For VISCOUS flow eq (1.21) becomes, for model 113, 
fe = £2 £f ^' (1.23) 
We will call eq (1.23) the Kozeny equation, although Kozeny [82], 
in 1927, had x in stead of x^. This was corrected later by Carman 
[19]. We need the square of x because it enters not only m the 
actual tube length but also in the superficial velocity. As before, 
according to the derivation, E,2 is about 0.5. If it is assumed 
that X = Tr/2, this yields x^/gz - 5, which is in agreement with 
the experimental values obtained for rotund-particle packings. 
For viscous flow we may also use model 113 with an equivalent 
radius. For example, when it is assumed that the equivalent radius 
IS the same for viscous flow and for the breakthrough pressure, it 
follows from eqs (1.20) and (1.23) that [156,157] 
^ x^  p^ 
(1.24) 
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when cos9 = 1. This equation has also been applied to viscous flow 
m partly saturated media with e the fraction of the liquid phase 
and X a function of M, to be determined from conductivity measure-
ments [158,159]. 
Model 113 has been applied to capillary liquid transport by 
Kozeny [82], 
, h - xcosa 
^ = - - (1.25) 
dt e a; 
m which h follows from eq (1.20) and k from eq (1.23) . 
1.4.2. Tubes of different radii m parallel (\2). Cylinders (121). This 
IS the basic model underlying the techniques to determine the 
so-called pore-size distribution. When suction or mercury poros-
imetry IS applied to model 121 (cf Fig 1.2) the experimental data 
provide the percentage of the tubes with radii in the interval 
r - r , where r and r correspond to f and f according to eqs 1 : 1 ] ^ 1 ] 
(1.9) and (1.11). The model has been used in the description of all 
transport phenomena in which menisci play a role (cf Table 1.2). 
Sometimes model 121 is approximated by an equivalent radius 
[160]. In such a context the equivalent radius is different for 
different transport phenomena or geometrical definitions because it 
IS a function of different moments of the tube radii distribution 
[161,162,321] . 
Tortuous tubes Cl22^  When the tubes of model 121 are assumed to 
be tortuous eq (1.24) becomes [163,164]: 
fe(u) = 5 . ^ ^ / " ^ (1.26) 
pgr]T^ u=0 f^ 
Eq (1.26) was first derived in 1949 by Purcell. It can be refined 
further by introducing cose [165,166] or by using a more correct 
averaging technique [167]. Some of the proponents of eq (1.26) 
have later doubted its reliability [168], because it appeared that 
Ci. is a function of e for certain systems. 
It has also been argued [156,159] that at each u the equival-
ent radius is the one that follows from the corresponding value 
of >f. Hence 
k{u) = 55 —£H_li (127) 
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(for u = 100 %, ¥ = -p./pg)- Eq (1.27) is of interest because 
several inconsistent models are combined; (i) f depends on u follow-
ing model 121. (ii) Eq (1.27) is incorrect for viscous flow in model 
122; It IS defended with reference to a model of tubes with con-
strictions [156]. (ill) It IS assumed, and found, that x is a func-
tion of u (this IS the case for eq (1.26) as well). This implies 
that the model itself is a function of u. To prevent this," it has 
been suggested we should consider x to be a function of the tube 
radius [ 165]. 
Model 122 has also been used for the description of dispersion 
[169], and diffusion m the transition region [170]. 
1.4.3. Parallel tubes with ideal connections (Ii). The disadvantage of 
the models 12, described in the preceding sub-section, is that 
they do not imply that f is constant in a plane perpendicular to 
the transport direction. The assumption of ideal connections accounts 
for this. Probably the model was proposed for the first time in 1938 
by Krischer [20]. Model 13 has been used mainly in describing capil-
lary liquid transport, as m capillary rise [171,172], suction [173] 
and during drying [20,174]. For a given radii distribution, the 
model predicts the same equilibrium situation after capillary rise 
and drainage, as does model 12. However, the kinetics are different. 
It IS not always easy to conclude from a paper whether model 12 or 
13 was used, as shown in a recent discussion [175]. 
It has been argued [176] that the ideal-connection assumption 
IS unrealistic, but it seems to us that it is not more unrealistic 
than the parallel tube model itself. Experiments with connected 
capillaries of different radii show that they behave virtually as 
one capillary as long as there are no menisci in equilibrium [171]. 
1.4.4. Tubes in series ("14^ . Random adjacent slices. Elements of two 
tubes of different radii in series (model 14) have been used to 
explain the effect of constrictions in the porespace (cf Table 1.2). 
The idea was first applied to diffusion by Adzumi, in 1937, who 
also considered elements of tubes of different radii in series and 
parallel [177]. The serial analogon of model 121, the converging-
divergent duct (model 143, cf Fig 1.2) has been proposed to de-
scribe both Knudsen and bulk diffusion [178]. This model, however 
contains a rather large number of parameters to be obtained by curve 
fitting and needs a large computer to apply it. 
Random adjacent slices These models are constructed as follows 
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[179]: Consider a bundle of tubes whose radii are given by the radii 
size distribution f{r). Imagine the bundle to be cut into a large 
number of thin slices. When the short pieces of tube in each slice 
are then arranged randomly, the re-assembled slices constitute the 
model of the porous medium. The first model of this kind {145) was 
proposed in 1950 by Childs and Collis-George [180], their incen-
tive being that the Kozeny equation is invalid in case "pores" of 
different cross section are present. They obtain an expression for 
k{u) in the following way. A cross section of the porous medium, of 
area A, will exhibit two similar faces showing a similar f(r). If 
we take the random juxtaposition of these two faces, this yields 
the probability of different tube sequences, while the total pore-
space area m contact will be e^A. The resistance to viscous flow 
IS, by definition, confined to the smaller tube in the sequence. It 
then follows that 
r = if r = R 
1 3 
k{u) = ^e ^ ^ fo ^ f o r^  f(rj6r f{r^)5r (1.28) 
in which r and r are the radii of two tubes forming a sequence, r 
being the smaller of the two; f(r )6r and f(r )Sr are the fractions 
of the cross sectional area taken up by tubes of radius range from 
r to r+dr. The tube radius distribution, f{r), has to be determined 
by suction (assuming model 7 21) and E is the radius of the largest 
tube filled at u. The constant e^ has to be determined experimentally. 
In later refinements of this approach, which all specify E.t , 
two points mainly emerge. Firstly, m stead of the radius of the 
smaller tube m any sequence, r , several authors [179,181] take 
r /e as the effective radius because of the poor fit of one tube 
to the next. Secondly, to specify 56 one needs the effective area 
available for transport per unit area. The original model takes 
this to be e^ and this is also assumed by Wyllie and Gardner [179], 
who consider the difference between the geometric and hydrodynamic 
pore area as the physical nature of x. Their model {147) can then 
be seen as an improvement of model 222,cf eq (1.26), because no 
determination of x is necessary any more. Because it was realized 
that the model does not give a very good account of the three-
dimensional connectivity of the porespace, other exponents of e 
have been suggested. Marshall [181], model 146, uses E and Hilling-
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ton e''/' , model 148. The latter value is obtained assuming spheri-
cal pores [182]. Later Millington & Quirk [183] envisaged the porous 
medium as consisting of solid spheres that interpenetrate each 
other, separated by spherical pores that also interpenetrate. This 
model gives e" for the effective area, with 0.6 < n < 0.7 for 0.1 < 
e < 0.6. (We may again note an example of the combination of three 
different models to describe one transport phenomenon.) 
The random adjacent slices models have been developed and 
tested mainly in connection with k{u). Millington [184] applies his 
model also to diffusion. Childs [33] still keeps to his model. Both 
Marshall [185] and Millington [186] have later doubted the under-
lying assumptions. 
1.4.5. Tubes with periodic constrictions (IS) There are many reasons 
to introduce models containing tubes with constrictions: Because of 
the extra resistance offered to viscous flow and molecular diffusion. 
To explain hysteresis in adsorption isotherms or suction and, 
more generally, to explain the influence of the accessibility of 
different porespace regions, for example the influence of the ex-
posed surface to the displacing fluid during suction [187]. And 
further, to explain certain aspects in deep-bed filtration and 
dispersion, such as clogging [188] and the assumed occurrence of 
cells in the porespace in which there is complete mixing. 
Simple elements (ISi). Some examples are given in Fig 1.2. Model 
1511 has been used in describing combined liquid-vapour transport 
in soils [100] and, in sinusoidal form, for the calculation of 
ID ,, [189]; that is to say eq (1.22) is rewritten as 
^eff = T A^B (1-29) 
X 
in which 6 is the constrictivity factor defined as {ID ff/G-® AB'x=l ' 
It IS difficult to state the distinction between x and 6 in a clear 
way, because in a real porous medium they are always both present. 
Their separation is acceptable only if they can be determined or 
estimated independently [49]. The value of 5 has also been cal-
culated for model 141 [190] and for a hyperbola of revolution 
{1512), [191]. 
Model 1513 and the analogon with a circle segment as the basic 
element have been used to calculate the extra energy dissipation 
caused by constrictions during viscous flow [20,119,314]. These 
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models and many others, such as 1515 and 1514, have been used to 
explain hysteresis in adsorption-desorption [192], in drainage -
capillary rise [171,193-194] in mercury porosimetry [195] and m 
two-phase flow [196], 
Tortuous tube with varying radius (\Si). Astbury [197] used a model 
in which the porous medium consists of a number of parallel 
tortuous circular tubes of randomly varying radius. The para-
meters of the model are obtained from electrochemical measurements 
on non-stationary wetting experiments. Cf also [326]. 
Constricted tubes of different dimensions I'l55A In the model present-
ed by Payatakes et al [198], the porous medium is represented 
by a unit bed element, which consists of a number of unit cells 
in parallel. Each unit cell resembles a piece of constricted tube 
(parabola of revolution). The model is applied to describe vis-
ous flow m particle packings without neglecting the inertia 
terms. 
Overlapping non-uniform spheres dSb) This model is used by Batel 
[143,199] to obtain a modified Kozeny equation for viscous flow 
and capillary rise. The hydraulic radius for a porespace constituted 
by spheres is (cf eq (1.19)) 
This radius has also been applied to Knudsen diffusion [200] . Batel 
uses a more complicated function, making further assumptions con-
cerning the measure of overlap. 
1.4.6. Dead-end porespace regions (Ik) Turner [169] described the 
dispersion in a packed bed by means of a bundle of equal length 
parallel tubes, with dead-end spaces of various sizes leading off 
from the tubes (model 161). Aris [201] extended the model to a 
continuous distribution of tube sizes. Similar models are used to 
advocate the use of an effective porosity [119] or to explain the 
entrapment of air during a wetting process [202]. 
1.5. Two-dimensional porespace models 
1.5.1. Networks, junctions not specified (2\). The conception of a network 
of tubes to picture the porespace of a porous medium was introduced 
by Fatt in 1956 [203-208]. The model consists of short cylindrical 
tubes of different radii distributed randomly over a regular net-
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work. The network is characterized by the S-factor, B being the 
number of tubes to which each tube is connected. In Fig 1.3 some 
excimples are given: the single hexagonal network {211) with 6 = 4 , 
the square network {212) with 6 = 6 , and the triple hexagonal 
network {213) with 6 = 10. According to the definition model 13 
has 6 = "» and model 14 has 6 = 2. 
231 
233 
235 
Fig 1.3. Elements of porespace models with two-dimensional connectivity. 
The model has been applied to viscous flow, diffusion [204], 
and ionic conduction in partly saturated media. The tube radii 
distribution is obtained from a suction or mercury porosimetry 
experiment, the data of which are interpreted using the same model 
(ie , contrary to model 12, there is an accessibility effect). The 
volume of the junctions between the tubes is assumed to be zero and 
the length of the tubes is given by J = r~' (and hence the tubes 
have to be tortuous to fit in the regular network). It is said that 
the predictions of the model hardly change if a random distribution 
IS assumed for I. The 6-factor can be estimated from photomicro-
graphs [205]. When k{u) is calculated from the measured T ( K ) , experi 
mental data (for porous media encountered in petroleum geology) fit 
best for 6 = 10. The calculations are made using an analog computer 
(analogy: laws of Poiseuille, Fick, and Ohm). 
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There are several reasons to prefer model 21 to models such 
as 12 or 14. The higher connectivity gives better agreement with 
experimental data. For two-phase flow the model predicts relative 
permeabilities whose sum is not equal to 1 [206], as is also observed 
in practice. Further the model can be extended to account for the 
entrapment of the displaced phase [207,209]. Harris [210], using 
a Latin square as a model {215, 6 = 8 ) , has shown that the choice 
of the entry-exit arrangement, ie the specification of how the two 
fluid phases leave and enter the model, has a considerable influence 
on the predictions of the model. 
1.5.2. Networks, junctions specified (22). Model 21 would become more 
realistic if the junctions between the tubes have a certain volume. 
For example, one could assume that the junctions are spherical 
(model 221, see Fig 1.3). We do not know of any attempts to make 
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calculations on such a type of model. 
1.5.3. Solid phase elements (22). In stead of specifying the geometry 
of the porespace in the model, one can specify the solid phase. 
Models of this kind have been used mainly for qualitative explana-
tions. We give a few examples (see Fig 1.3). Model 231, array of 
circles, has been used to argue that, m a suction experiment, one 
may assume that the accessibility of different layers is hardly in-
fluenced by their distance from the entry face of the displacing 
fluid [211]. Model 232, array of squares, has been used in modelling 
diffusion in bidisperse media [212] and in describing non-creeping 
laminar flow [213]. Model 233, array of crosses, was put forward to 
explain blocking in deep bed filtration [188]. The models may be 
considered three-dimensional when it is assumed that the two-
dimensional representation is an intersection through a three-
dimensional array of solids. In that case they have the disadvantage 
of assuming isolated solid phase elements floating in the pore-
space. One may compare these models with two examples of inter-
sections through real porous media, as depicted in Fig 1.3, models 
234 and 235. 
1.6. Three-dimensional porespace models 
1.6.1. Regular sphere packings (Zl). Sphere packings have been used as 
a model for almost any transport phenomena in porous media. In 
this sub-section we discuss some regular sphere packings. It should 
be noted that all regular packings are anisotropic. Hence, when 
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used as a model, an average has to be taken over all direction 
or the model has to be restricted to a specified position of the 
packing with respect to the transport direction. 
Cubic and hexagonal array {311 and 312; see Fig 1.4) . These packings 
have been used to make estimates of the equivalent radius (for 
viscous flow) as a function of the particle size [11,137], to make 
estimates of the tortuosity and the constrictivity of monosized 
sphere packings [46,49,214], and to calculate the thermal conduc-
tivity [41]. However, the main application has been to capillary 
liquid transport. In two important papers of 1927 and 1930, Haines 
described the behaviour of the cubic and hexagonal sphere packing 
in a suction experiment [215]. 
When suction is applied to a hexagonal packing, saturated 
with water, the air will enter when the suction is equal to the 
capillary pressure of the meniscus between three contiguous spheres. 
If It IS assumed that the curvature of this meniscus is equal to 
that of the sphere that just passes the window between the three 
spheres, we have for the entry pressure of air 
AP = ^  (1.31) 
with d the sphere diameter and cose = 1. At this suction the packing 
drains completely except for the pendular rings (the liquid remaining 
around the contact-points of the spheres). When the pressure is now 
released, Haines assumed that the re-entry pressure of the liquid 
IS determined by the curvature of the pendular rings on the moment 
they make contact. Then 
AP = ^  (1.32) 
For a cubic packing comparable calculations can be made. For 
an arbitrary sphere packing the entry and re-entry pressures will 
cover a certain range and Haines showed, experimentally, that this 
range lies between the extreme values for the cubic and hexagonal 
packing. However, it should be noted that eq (1.32) can be applied 
only when it is assumed that liquid is transported to the isolated 
pendular rings via the vapour phase or a liquid film on the par-
ticles. If ever present, these are both very slow transport processes 
in macroporous media and can therefore be neglected. The re-entry 
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pressure and also the driving force during wetting processes will 
be determined by another mechanism. Whether the radius of the 
largest spheres that can be described m the porespace of the sphere 
packing is a reasonable measure for the equivalent radius for wet-
ting, IS highly disputable, although often assumed. 
Haines'approach has been refined on minor points later on [2161 
and has also been applied to the description or explanation of 
sorption isotherms [217], capillary liquid transport in porous 
electrodes [68], mercury porosimetry [218], and drying [219,220]. 
Fig 1.4. Elements of porespace models with three-dimensional connectivity, model 
251 from [60]. 
Intermediate packings (213). To apply the considerations for the 
cubic and hexagonal packing, which have a porosity of 48 % and 26 % 
respectively, to sphere packings of arbitrary porosities, one may 
assume the latter to be a mixture of cubic and hexagonal elements. 
In fact this was what Haines did, and also Smith before him [221]. 
Another possibility is the following. In a cubic packing the angle 
formed by connecting the centres of three adjacent spheres, when 
not 180°, is 90°; in a hexagonal packing it is 60°. By taking inter-
mediate angles, one obtains regular packings of porosities varying 
See section 5.2. 
33 
from 26 to 48 % (cf Fig 1.4). This was the model used by Slichter 
[137] to obtain the r{d,e) function mentioned in the paragraph on 
the equivalent radius model {111). The work of Slichter was later 
extended by Smith [222] , who aldo applied this model to capillary 
rise and drainage in a series of papers [193], which have undeserv-
edly been neglected by much later workers. Furthermore the model 
has been used in the description of the T(K) functions obtained 
with mercury porosimetry [223-225] or suction [226]. 
1.6.2. Regular packing of other elements (22). The use of other elements 
than spheres has been restricted to specific areas. For fibres a 
model consisting of a bundle of solid cylinders is more appropriate 
than one consisting of spheres [70,227]. Princen [227] has given a 
detailed account of capillary rise in such a model. In the inter-
pretation of sorption isotherms, regular packings of several other 
solids have been used [192,228]. 
1.6.3. Tetrahedra model (22). Any particle packing can be described 
more or less roughly by means of a Delauney graph, which consists 
of the lines joining the centres of touching or nearly touching 
particles. These lines can be considered as the edges of tetrahedra. 
Only in the case of a dense random packing of polysized spheres, 
defined as the packing for which for every tetrahedron every one of 
its spheres touches every other one, is the Delauney graph unique 
[229,230]. But in practice such packings will not be formed for the 
same reasons as no dense regular packing is formed for monosized 
spheres. There will always be a number of near-contacts. Experimental 
data are available on the number of near-contacts m random packings, 
as obtained by normal packing techniques [231,232]. Using such 
data together with an assumed sphere size distribution Mason 
[233] generated, on a computer, tetrahedra networks that have 
porosities reasonable in agreement with those found in practice. 
Assuming that the distribution of tetrahedra volumes is in-
dependent of the edge length distribution and further that 
drainage is governed by the inscribed circles in the tetrahedral 
faces and imbibition by the inscribed spheres in the tetrahedra, 
Mason could give an a priori description of the wetting and drain-
age behaviour of irregular sphere packings. Assuming that the 
resistance to flow is located in the tetrahedra faces, the model 
also gives a prediction of k{u), As it is worked out. Mason's 
model has a two-dimensional connectivity only because, in account-
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ing for the accessibility of the tetrahedra, he assumes that the 
packing consists of layers of tetrahedra, while each tetrahedron 
IS connected to tetrahedra in adjacent layers only, ie they have 
no connections to tetrahedra in their own layer. 
1,6,4, Fixed networks (2A). In this category we place all three-
dimensional models that consist of elements that are arranged 
regularly m a lattice or network. As m the case of the two-
dimensional networks {21) the values of one or more properties of 
the elements are randomly distributed over the elements. 
Lattice of black boxes (241). Because the internal geometries of 
the lattice elements are not specified m detail, we have no true 
porespace model m this case. The macroscopic transport coefficients 
are a function of the transport coefficients of the lattice elements. 
The model has been used as a generalization of the random adjacent 
slices model by Marshall [185]. He assumes lattice elements that 
are cubes to which equivalent radii, and hence local permeabilities, 
are assigned randomly from a given distribution. Further the model 
has been used for viscous flow in packings of particles with a 
polydisperse size distribution [234]. 
Network of tubes (2A2). The idea of a three-dimensional network of 
tubes IS, of course, very old ([5], page 404). With the exception 
of models for microporous media [228,235], in almost all cases the 
tubes are assumed to be cylindrical, as m the two-dimensional 
networks. The most natural network is that with 6 = 10 (cf Fig 1.4). 
This model was used by Ksenzhek [236] to determine the accessibility 
effect on the distribution of the non-wettmg phase entering a 
porous medium. The radii of the tubes are distributed randomly over 
the network and the junctions are assumed to have zero volume (as 
in the Fatt models). The model was generalized to a variable number 
of tubes per junction by Nicholson, who applied it to sorption iso-
therms [237], viscous flow [238], and anisotropic media [238]. The 
latter is achieved by eliminating tubes from the network in some 
systematic way. 
The difference between two- and three-dimensional network models 
was analysed by Rose [239]. For the same 6 the connectivity of grid 
points via more than one tube is different for two- and three-
dimensional networks. Rose used a three-dimensional tetrahedral 
network, for which 6 = 22, to describe k(u) and T{u) as a function 
of y(u). The model can also be used to obtain a connectivity dis-
tribution by knocking out tubes (by specifying zero size) . 
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Lattice of connected cavities ('343J. Because these models have been 
developed mainly in connection with transport phenomena that are 
governed by the windows (= connections) between the cavities, the 
dimensions of the latter are seldom specified. And when it is done, 
It IS done in a very general way [240]. All the existing models 
from this category assume that the cavities are arranged m a 
simple cubic array and that each cavity is connected to its six 
neighbours. The only distinction with the tube networks described 
above is that the porespace volume is now ascribed wholly to the 
junctions. To obtain the equivalent radii distribution, to be 
assigned to the windows, in many cases [241-244], more or less 
tacitly, a displaced hexagonal sphere packing is assumed. That is 
to say model 212, but with a random distribution of the sphere 
distances (as is done in the tetrahedra model). In one case the 
distribution is obtained from data concerning the relative occur-
rence in irregular sphere packings of cavity-windows formed by 
three to six spheres [245]. 
The model has been applied to viscous flow [245], electric 
conductivity [244], drainage [241], suction [243], and mercury 
porosimetry [242]. In all cases the description of the accessibility 
of the cavities is of major importance. Probably the theory of 
branching random processes can be of help in a more general de-
scription of the properties of this model [246] . 
1.6.5. Random networks (25). In the random network approach, the 
porous medium is visualized as a lattice in which a randomly dis-
tributed set of points are connected to their neighbours by tubes, 
in most cases cylinders. As in the case of many other models the 
idea as such can be traced back to the beginning of this century 
[136], but the first specification of such a model had to wait 
until 1958. Such a specification is also necessary for qualitative 
explanations. For example, when it is said that many solids can be 
considered to contain a very large number of interconnected capil-
laries of all sizes extending in all directions [247] , this may 
sound rather trivial. It is only after a detailed specification of 
such a description that the unrealistic assumptions emerge. 
Random network models have been developed mainly in relation 
to dispersion. De Josselin de Jongh [60,248] represents the pore-
space by a network of tubes of uniform length and radius, uniformly 
distributed in all directions, and 6 = 6 (model 251, see Fig 1.4). 
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Assuming that the path of a fluid particle consists of a sequence 
of statistically independent steps, each step corresponding to 
passing one tube, expressions for the dispersion coefficient 
are obtained. Independently Saffman [249] gave a more general 
description of the same model. Bear [2] applied the model also 
to viscous flow and diffusion. It should be noted that the model 
contains no constrictivity effect (as in the regular networks 
the junctions do not have specified dimensions) . The tortuosity 
IS the same for all transport phenomena. 
The model was further generalized by Greenkorn et al [250, 
251], who assign a distribution to both the radius and the length 
of the tubes. It is assumed that radius, length, and orientation 
are independent (this is not true for isotropic, homogeneous 
media). The model is applied to dispersion, viscous flow, and 
suction (for suction the tubes are assumed to be directly access-
ible, hence m fact model 12 or 13). An interesting result of 
the model is that, for the equivalent radius for viscous flow in 
a sphere packing, it predicts a value lower than the inscribed 
circle between three spheres [198]. In later publications of Green-
korn et al, the assumptions, underlying this and similar approaches 
[3,59,252], have been seriously criticized, in particular the 
assumption, more or less hidden m the statistics, that the resi-
dence time IS the same in each tube [253,254,323]. 
Roughly the same model has been used for diffusion [330] and 
m describing the change m tube size distribution due to a dis-
solving solid surface, as encountered in acid injection during oil 
recovery [255]. Other related models include the random lattice 
of interconnected ideal mixers, or cavities, e g of spherical form, 
as applied to deep bed filtration [61], dispersion [256], or 
Knudsen diffusion [200]. In the latter case diffusion is regarded 
as a random walk from cavity to cavity. 
1.7. Pseudo-porespace models 
1.7.1. Simple elements Models are classified as pseudo-porespace models 
when the capillary structure that functions as the model cannot 
be multiplied in a simple way to obtain an extended porespace. 
Such models are used in ad hoc explanations, for didactic purposes, 
or as a conceptual model of a formal model of some transport phe-
nomena. 
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In Fig 1.5 a few examples are given. Model 411 is used in 
describing capillary liquid transport to a drying surface [4,7]. It 
represents a homogeneous medium by an inhomogeneous model. Models 
421, 422, and 423 are used to explain different hysteresis phenom-
ena. Model 421 explains both static and kinetic hysteresis in 
capillary liquid transport [173] as well as the entrapment of the 
displaced phase [63,265]. Model 422 is the so-called pore-doublet 
used to explain trapping of oil in secondary recovery operations 
[262,263], and hysteresis phenomena in suction [112] and imbibition 
processes [202]. This model has been generalized to a two-dimensional 
network model to describe hysteresis in two-phase flow [264] . The 
network consists of rows of doublets in parallel, the rows put in 
series with mixing zones. Model 421 is used to elucidate the 
occurrence of Haines jumps [75]. When the model drains, a Haines 
jump occurs when the meniscus m the right leg reaches a bulb. 
On that moment the system becomes unstable and the liquid from 
the bulb jumps to the other leg. During imbibition the same kind 
of redistribution phenomena occur. 
1.7,2. Independent domain theory. The notions accessibility, inde-
pendent domain, and ink-bottle pore are closely related. The ink-
bottle pore (model 4 23) was introduced in connection with the 
hysteresis loop in sorption isotherms. The idea was generalized to 
the independent domain theory [R9,R75], which states that the pore-
431 422 
Fig 1 5. Simple capillary models used in explanations of specific behaviour of 
porous media. 
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space can be divided into domains or regions that behave independent-
ly. To each domain two equivalent radii can be assigned, one for 
capillary condensation and one for capillary evaporation. Later the 
theory has been taken over to explain hysteresis in 'V {u) and k{u), 
We think that the independent domain theory has had more 
attention than it deserves. Hysteresis can be explained m many, 
more realistic, ways than by picturing the porespace as a set of 
independent ink-bottles. Even in a cylindrical capillary,sorption 
behaviour may show hysteresis [266]. The theory is often assumed or 
applied, recently eg [33,195,267,332], when there is no experimental 
evidence that it is true. The scanning curves (that is, the 'i {u) 
curves within the hysteresis loop) obtained in a suction or mercury 
porosimetry experiment can be used to test the theory. As might 
be expected the theory turned out not to be valid [92,268-270], 
although, initially, some confirmatory results were reported in 
the case of suction [271]. 
The general problem that the independent domain theory and 
Its successors [270,272] intend to solve is that of giving an 
account of the accessibility of an arbitrary region in the pore-
space. This accessibility is not a property of the porespace alone. 
It also depends on the kind of transport phenomena, and on the 
initial and boundary conditions that specify in which way different 
phases leave and enter the porous medium. A general theory of 
accessibility has yet to be developed. The first steps on the experi-
mental [273,274], modelling [241,320], and mathematical [246] 
components of this theory have been made. 
1.8, Input parameters porespace models 
1.8.1. General remarks. In Table 1.2 an enumeration is given of the 
various porespace models. In the left part of the table examples 
are given of models worked out in sufficient detail to guess what 
are meant to be the input and output parameters. In the right 
part some idea is given of the transport phenomena to which models 
of a certain category have been applied. Many models or proto-
models described in the literature function basicly as a quali-
tative elucidation of something that is observed m a particular 
case. We evaluate the models only with respect to their predictive 
power regarding a specified class of phenomena. In this review we 
are not concerned with the considerations of those who comment on 
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the (experimental) refutation of a model that 'We are not interested 
here in these models to predict directly.' [253]. 
Concerning the input and output parameters as given in Table 
1.2, the following may be remarked. Each model gives the predicted 
parameters as a function of the input parameters. When f(u) occurs 
under both this means that the measured f(u) is interpreted using 
the model. In the other cases S'(u) is interpreted according to 
model 121, Seldom is it clearly stated in which way the f{u) function 
has to be determined, because this is considered trivial. Under 
input parameters we do no mention the physical properties of the 
phases present m the porous medium, nor the porosity. By d is meant 
average particle size, and by d particle size distribution; 5 is 
the constrictivity factor as determined by mercury porosimetry 
[49]. The difference between an estimated parameter and one obtained 
by curve-fitting is that between a priori and a posteriori. The 
amount of reliable experimental data is scarce, therefore on this 
point, an evaluation of the different models is hardly possible. 
In the next sub-sections we will briefly discuss the available 
methods to determine the input parameters. 
1.8.2. Statistical geometry. Statistical geometry is the geometry 
of random (sphere) packings. It should provide us the possibility 
of calculating parameters like porosity, average number of con-
tacts, size distribution of interstices, etc, as a function of 
the particle size (distribution) and a few other assumptions. The 
incentives for studying statistical geometry are many, an important 
one being the development of structural models for simple liquids, 
monoatomic glasses, and amorphous metallic alloys, to help predict 
their thermodynamic properties. 
All models require, directly or indirectly, the location of 
the sphere centers in the packing. These may be obtained experimen-
tally or by computer simulation (of the compression of a hard sphere 
gas, the swelling of spheres at random points in a box until they 
touch, the packing of spheres in a box at random, rejecting spheres 
that overlap, etc [R10,R275-277]). The packing is described by the 
Delauney graph, already mentioned in the sub-section on tetrahedra 
models, [275,278] or Voronoi polyhedra [276,277]. (A Voronoi poly-
hedron for a given sphere is that region of space composed of 
points which are closer to the centre of that sphere than to the 
centre of any other sphere m the structure.) 
TABLE 1.2 
Application of porespace models 
(i) typical example for each category of models 
category description year author 
predicted 
parameters 
input parameters 
solid 
phase 
curve- estim-
fitting ated 
111 equivalent radius 1899 
2J2 hydraulic radius 1905 
lis tortuous tubes 1927 
113 tortuous tubes 1949 
72 cylinders, radii distribution 1949 
IS 121, ideally connected 1938 
141-14Z tubes in series 1937 
145 random adjacent slices 1950 
148 random adjacent slices 1959 
ISl tubes with constrictions 1974 
154-166 random assemblies of 151 1973 
21 network of tubes 1956 
31 regular sphere packings 1927 
33 tetrahedra 1972 
34 fixed network 1957 
35 random network 1970 
Slichter [137] 
Mitscherlich [142] 
Kozeny [82] 
Rose and Bruce [1561 
Purcell [163] 
Krischer [20] 
Adzumi [177] 
Childs and George [180] 
Millington and Quirk [182-184] 
van Brakel and Heertjes [49] 
Payatakes et al [198] 
Fatt [203] 
Haines [215] 
Mason [233] 
Rose [239] 
Haring and Greenkorn [250] 
h 
c 
k. h^ 
ki.u) 
k{.ul.tiu)L 
«C(M) 
k{u) 
m 
k 
kM 
fdi) 
tM 
kM 
k,D 
,JD (u) 
,1D (u) 
,k{u) 
,T(w) 
.tiu) 
d 
d 
d 
t(w) 
T(w) 
6 
T(w) 
•Kw) 
fdi) 
f{u) 
T'U) 
T(U) 
TABLE 1.2 
Application of porespace models 
(ii) occurrence in the literature for various transport phenomena 
category D ,1D (u) k{u) wetting, 
cap rise 
suction, 
drainage 
mercury 
porosim-
etry 
others 
111 
112 
113 
113 
12 
13 
141-143 
145 
148 
151 
154-156 
21 
31 
33 
34 
35 
[25,153-155] 
[4,132,133] 
[177,178,190] 
[179,181-185] 
[189,191] 
[197] 
[204] 
[46,49,214] 
[244] 
[2,330] 
[11] 
[150,151] 
[19] 
[260,261] 
[20,119,198] 
[143,199] 
[11,137,222] 
[234,238,245] 
[2,251] 
[157-
[164-
[20] 
[196] 
[206] 
[185] 
159] 
167] 
[80,138-140] 
[147,257] 
[148] 
[4,132] 
[171,172] 
[160] 
[67,141] 
[6 ,259,325] 
[173] 
[89] 
[90,163] Knudsen diffusion [170,258]; 
dispersion [169,201] 
drying [20,174] 
[237] Knudsen diffusion [237,260] 
sorption [192] 
Knudsen diffusion [2001 
[21,,171,193] [171,187,194] [195] 
[143,197,199] 
[209,210] 
[193] [193,226] [223-225] drying [219,2201, sorption [217] 
[236,241,243] [236,242] sorption [228,235,237] 
dispersion [2,60,248,249] 
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Some parts of the developing statistical geometry are of 
interest for the description of transport phenomena m porous media. 
However, it is of importance to realize the distinction between 
models for particle packings and models of the porespace used 
in describing transport phenomena m porous media. The tetrahedra 
model discussed above is a case in point. When it is applied to 
give m{u) or k{u) as a function of the particle size distribution, 
additional assumptions have to be made, which reduce the model to 
one more or less identical with Fatt's two-dimensional network. 
Stereology. Stereology is the discipline concerned with the 
interpretation of (two-dimensional) photomicrographs in terms of 
the (three-dimensional) structural properties of the porous medium 
[252,R279,R331]. The specific surface and the particle size are 
the only input parameters that can be measured via photomicrographs. 
One may speculate that it must be possible to define parameters such as 
X, <5, 6, or even 'V {u) in such a way that they can be obtained from 
photomicrographs, but at the moment no established methods are 
available. Recent developments are mainly concerned with the problem 
of giving criteria for randomness and of giving the variation of the 
local porosity m a random packed bed as a function of the overall 
porosity and the particle size distribution [280-282]. This can be 
of use in the description of viscous flow in porous media [108,281] 
or sedimentation and filtration [283]. 
As far as we know tomographic techniques (eg [284,285]) have 
not been used as yet to obtain input parameters for porespace models. 
1.8.3. Input parameters obtained from transport phenomena In many cases 
the input parameters of a porespace model for a transport phenomenon 
in porous media are obtained by measurement techniques that make 
use of another transport phenomenon. Therefore, in many applications 
the porespace model is less a picture of the physical porespace than 
a formalism that provides, perhaps, a correlation between different 
transport phenomena. This has several consequences, to which we 
shall return presently. Here we give only an enumeration of the 
techniques most often used. 
The equivalent radius, the hydraulic radius, and the specific 
surface can be determined by measuring the permeability [R3] or by 
measuring the maximum capillary rise from a dynamic [144-146] or 
static experiment [70,141,286,287]. The latter experiments are 
also used to determine the contact angle [80,138,139,147], a para-
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meter that is needed for each transport coefficient model that 
uses f(K) as an input parameter. 
The tortuosity is often estimated or obtained by curve-fitting. 
The measurement technique via the ionic conductivity [R47,R288] 
has found acceptance only in petroleum geology. It should be noted 
that x(u) as measured by ionic conductivity relates to the liquid 
phase. When we speak about ID (u) this concerns the gas phase. 
Recently several measurements techniques have been proposed that 
combine viscous flow and diffusion phenomena [187,289,290]. 
As already remarked, the suction [R6,87,R291] and mercury 
porosimetry [R91,R92] technique were developed specifically to 
determine "i {u). In particular in soil science, several techniques 
have been developed to measure y m situ [R291]. Apart from the 
procedures illustrated in Fig 1.1, "l {u) is also measured by 
sub:)ecting a porous medium to increasing centrifugal forces [20, 
66,259]. There are developments to combine mercury porosimetry 
with the interpretation of photomicrographs taken at various 
saturations [273,327]. 
All transport coefficients and other parameters that are 
determined as a function of the liquid content, le ^ {u) , i {u) , 
k{u), ID{u), show hysteresis, that is to say, the dependence on 
the liquid content is a function of the history of the system. 
1,8,4. Comparison of different measurement techniques An evaluatory 
article should be written on the different techniques to measure 
r , X, 4'(u) and such like, with special emphasize on the experi-
mental difficulties involved and the comparability of their 
results. Here we can give some examples only of such comparisons. 
We do not mention the result of the comparison, because, without 
going into detail, qualifications like "reasonable" or "not very 
good" do not say much, and furthermore the interpretation offered 
IS often disputable. Of the latter we may give as an example that 
It is as yet impossible to determine the contact angle in a reliable 
way independently of the transport phenomena studied. This fact 
explains why it is reported [89,293] that different liquids give, 
in a suction experiment with the same porous medium, different 
results for C (u), where C = pgY/YCOsO, but also [292] that dif-
ferent liquids give the same C'(u). (It should be noted that there 
IS no a priori reason that C is not a function of 9 [294] .) 
See now also chapter 5. 
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As to the hydraulic or equivalent radius, comparisons have been 
made between permeability and capillary rise [295,300], permeabil-
ity and mercury porosimetry [153], permeability and photomicro-
graphs [164], imbibition and mercury porosimetry [146]. For x 
comparisons have been made between diffusion, conductivity, and 
VISCOUS flow [R16]. For i{u) between conductivity (salt solution 
or mercury) and diffusion (in the gas phase) [296,297]. Comparisons 
between different techniques to determine T(M) are seldom made, 
and when they are made it is done on porous media with a very 
complicated porespace configuration [301]. An exception is [324]. 
The results of mercury porosimetry have been compared with those 
of photomicrographs [298,327], suction [163], centrifugal drainage 
[259], liquid-liquid displacement [299], and for microporous media 
very often with the results of sorption isotherms. 
1,9. Porespace models and capillary rise 
In this section we check the predictions of the different models 
against the experimental facts with respect to the statics and dy-
namics of capillary rise in porous media. As will appear the ob-
served phenomena of capillary rise cannot be explained even 
qualitatively by any of the models. 
1.9.1. Predictions of the models. In Table 1.3 the predictions of 
the models are given regarding two points. The first is whether 
the model implies an equation of the form 
^S = |(^-^) (1.33) 
with k and h cons tan t s , i e dh/dt p lo t t ed vs 1/h should give a 
s t r a i g h t l i n e . The second point i s whether the model p red ic t s 
the presence of a sa tu ra t ion gradient in the equil ibrium s i t u -
a t i on . In Table 1.3 the difference m pred ic t ion for a cap i l l a ry 
r i s e and a drainage experiment i s a lso given. We wi l l compare the 
A s a t u r a t i o n g r a d i e n t i s absent when t h e r e i s a sharp front between the 
dry p a r t and the s a t u r a t e d p a r t of the porous medium. A s a t u r a t i o n g rad ien t 
IS p r e s e n t when t h e r e i s a gradual change from the completely s a t u r a t e d 
p a r t t o the dry p a r t of the porous medium. Hence, models 12 p r e d i c t a 
s a t u r a t i o n g r a d i e n t and models 11 do not p r e d i c t a s a t u r a t i o n g r a d i e n t . 
See s ec t i on 2.3 for the ope ra t i ona l d e f i n i t i o n of a s a t u r a t i o n g rad i en t 
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TABLE 1.3 
Predictions of the models for capillary rise 
Category 
11 
12 
13 
14 
151 
21, 
311 
212 
242 
243 
242 
description 
hydraulic radius 
radii distribution 
ideal connections 
tubes m series 
constrictions 
fixed network 
cubic sphere packing 
hexagonal sphere packing 
window distribution 
cavity distribution 
dh/At - 1/h 
linear 
meaningless 
linear 
meaningless 
linear 
no cap rise 
no cap rise 
linear 
linear 
linear 
saturation zone 
no 
yes 
yes 
very narrow 
no 
only with drainage 
no 
no 
only with drainage 
only with cap rise 
hysteresis 
no 
no 
no 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
predictions with the observations for capillary rise only. Most 
predictions follow from the models directly. Maybe the following 
points should be elucidated. 
(i) For models 12 and 145-148 eq (1.33) is not defined, be-
cause from the very first moment of capillary rise a saturation 
gradient is present. In the other cases the applicability of eq 
(1.33) IS, of course, restricted to the period during which there 
IS a sharp, moving, liquid front. 
(ii) If the tubes are ideally connected, as in model 13, or 
reasonably, as in most two- and three-dimensional models, there 
will be a rather sharp liquid front as long as the (maximum) 
capillary rise in the largest tube in the model, h , is not 
c min 
r e a c h e d . F o r m o d e l 2 3 we h a v e 
d^ 
d t 
dV 
dt 
I irr^ 
i ^ 
dh ^ P£_ 
dt 8n 
1 
1 
I irr" 
Z irr^ 
P2. 
8n Z irr 
( 1 . 3 4 ) 
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Hence dh/dt vs 1/h should give a straight line until h^ ^^^ is reached, 
then a saturation gradient develops. 
(ill) For models containing tubes with constrictions, eq (1.33) 
is also valid. For a tube with periodic constrictions we have 
^ = \ ( h - h ) h<h 
dt h c c min 
s=° 
(1.35) 
h > h 
in which h is the capillary rise in the widest section of the 
c min 
tube. See also Fig 1.6. On a microscopic scale the rise velocity 
oscillates between line p and line q. Macroscopically we observe 
line r. 
Fig 1.6. Velocity of capillary rise vs inverse height for models of type 151 
and others containing channels with periodic constrictions. 
(iv) Two- and three-dimensional models contain junctions or 
cavities whose dimensions are seldom specified in detail. The 
symmetry that is generally assumed greatly diminishes the capil-
lary rise. If SIX tubes meet at a grid point of a cubic three-
dimensional network, the model predicts no capillary rise (cf 
Fig 1.5a). A meniscus rising from below P can never reach P 
because ther are no walls to support it. In general, the curvature 
of the meniscus that can pass a junction depends on the precise 
geometry of the junction and the number of menisci that meet at 
the junction. It should be noted that this curvature has nothing to 
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do with the inscribed sphere of the cavities. It is very difficult to 
illustrate this in three-dimensional space. An example for two-
dimensional space IS given in Fig 1.5b. One meniscus cannot pass 
the junction. When two menisci meet, they will pass with a 
maximum curvature of r(l+/2). When three menisci meet this 
maximum curvature is r. The inscribed circle is r/2. 
1,9,2. Comparison with the observations. In Table 1.4 a number of 
observations, as reported in the literature, have been compiled. 
Apart from the validity of eq (1.33) and the presence of a 
saturation gradient, it is also mentioned whether the correct 
permeability was observed (correct = correct order of magnitude). 
This IS included because, when only three or four observations 
TABLE 1.4 
observed phenomena in capillary rise 
year 
1921 
1949 
1962 
1966 
1969 
1970 
1973 
1920 
1966 
1971 
1961 
1963 
1970 
1949 
1900 
1906 
1918 
1931 
1934 
1958 
this 
author 
Hacket [302] 
Porhaev [84] 
Koida [145] 
Tanaeva [135] 
Kuz'min [146] 
Smith [303] 
Schindler [304] 
McLaughlin [305] 
Luikov [132] 
Sommer [176] 
Braslavskii [171] 
Cammerer [172] 
Heizmann [72] 
P u n [36] 
Krawkow [306] 
Bell [81] 
Attenberg [307] 
Wadsworth [308] 
Peck [309] 
Youngs [109] 
laboratory [294,310] 
model 
11 
11 
11 
11 
11 
11 
11 
12 
12 
12 
12 
12 
12 
312 
-
-
-
-
-
-
eq (1 
valid 
no 
yes 
yes 
yes 
yes 
no H 
no H 
yes H 
no H 
no H 
no U 
no H 
33) 
sometimes H 
no 
no H 
no U 
yes 
sometimes 
correct 
k 
no 
yes 11 
yes 
no 
yes H 
no H 
no H 
no H 
no H 
no 
no 
no H 
sometimes 
saturation 
zone 
yes H 
no 
sometimes 
yes 
yes 
yes 
yes 
sometimes 
yes 
yes 
sometimes 
sometimes 
materials 
solid-liquid 
sand-oil 
sand-water 
minerals-water 
sand-water 
ceramics-kerosene 
ice-water 
glass-various 
sand-water 
sand-water 
glass-water 
polymer-oil 
glass-water 
glass-water 
sand-water 
sand-water 
paper-various 
sand-water 
sand-water 
paper-water 
(infiltration) 
various 
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have been made during one experiment, it is dangerous to draw a 
conclusion concerning the linearity of dh/dt - \/h. For systems 
such as sand and glass beads, the value of fe, as a function of the 
particle size, is firmly established. If a qualification is fol-
lowed by H, this means that the qualification follows from the data 
presented, but that it is not stated explicitly by the author(s) 
in question. In many cases the observations do not confirm the 
model adopted by the author. This is due to the fact that the model 
IS seldom stated in a precise way, let alone that its consequences 
are realized. 
It will by now be clear why the models were only checked 
against two qualitative properties. Other, or more detailed pre-
dictions are irrelevant, because none of the models can account 
for the fact that sometimes eq (1.33) is valid and sometimes it 
IS not, or that sometimes a saturation gradient is observed and 
sometimes it is not. This is not the place to discuss the possible 
explanation(s) of the, at first sight perhaps anomalous, phenomena 
observed during capillary rise. However, it should be noted that 
there is an important difference between the eq (1.33) problem 
and the saturation gradient problem. The first is due to other 
transport phenomena being rate determining (which may also happen 
in cylindrical capillaries) while the second is a direct conse-
quence of the mechanism of capillary rise [294] . The reason that 
all models fail in describing the mechanism of capillary rise is 
twofold. Firstly, all models assume that there exist a large num-
ber of isolated menisci in the porous medium while in fact there 
IS one meniscus only. Secondly, all models assume that the curva-
ture of the meniscus or menisci can be characterized by one 
(average) radius of curvature. This cannot be done, primarily 
because the average curvature is no simple function of the 
contact angle. 
1,10. Further evaluation of the models 
1.10.1. Models and models. In the preceding section it appeared that 
the existing porespace models are of little use m describing 
capillary rise m porous media. The situation is better for other 
transport phenomena, but the failure of the models to describe 
See now chapters 4 and 5. 
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capillary rise emphasizes two things. Firstly, different transport 
phenomena ask for different models and secondly, reliable data 
must be available to check the models. More generally, the concept-
ual model should not lose contact with the physical phenomena it 
intends to describe. For this reason we have no high opinion of 
combinations of more than one model, of which we have already 
given some examples. We may add two recent examples of a mixture 
of models, which can be confirmed by experiment only by accident, 
and whose inconsistency as a physical model speaks for itself. 
Dodds and Lloyd [278], in describing a suction experiment, 
use a two-dimensional network. The tube radii distribution of this 
network is obtained from the tetrahedra model of Wise [229], but 
because Wise's model has a fixed porosity, much lower that that 
obtained in practice, a correction is made using the hydraulic 
radius model. 
As a second example we choose (cf [92]) the proposals to 
determine the particle size distribution from mercury porosimetry 
[311,319]. Here it is assumed that an irregular polysized sphere 
packing can be considered as an assembly of independent regions of 
regular monosized sphere packings according to model 212. 
As a further evaluation of the porespace models we will first 
give a criticism of the concept of a pore-size distribution. After 
that a number of transport phenomena are compared in pairs to 
elucidate further the need of different approaches for different 
transport phenomena. 
1.10.2. The concept "pore-size distribution". Some readers may have 
found It cumbersome that, in the preceding sections, we have never 
used the term pore-size distribution, but instead spoke of tube 
radii distribution, which refers to a model, or geometries of the 
porespace, which refers to the porous medium, or the f(M) function, 
which refers to a measurement technique. This was done because we 
seriously believe that the use of terms such as pore, pore-size, 
or pore-size distribution, hinders progress in the field of re-
search under discussion. Of course, from time to time the concept 
of a pore is criticized [312,313], and, of course, we all know 
that the porespace has a very complicated structure. Nevertheless, 
when phrases still occur in the literature such as 'it has not yet 
been possible to define precisely what is meant by the size of 
a pore' [255], though we actually know, our common sense concep-
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tion of a porous medium apparently still prevents us from drawing 
the right conclusions. 
A porous medium consists of a solid phase dispersed in such 
a way that a non-solid phase remains in between. The latter we call 
the porespace and we restrict ouselves to a continuous porespace. 
Continuous means that any two points in the porespace can be con-
nected by a line that does not pass the solid phase. The porespace 
does not consist of interconnected pores because a pore is, accord-
ing to any established meaning, something having a certain length 
and recognizable walls. Such things are not present in a normal 
porous medium. As fas as geometric elements are recognizable in a 
porous medium, these are particles. Therefore, many porespace 
models turn into much more realistic pictures of the porous medium 
if the porespace in the models is taken to represent the solid 
phase. 
If there are no pores in a porous medium there is, of course, 
neither a pore-size distribution. This does not imply that the term 
pore-size distribution, as used in the literature, is completely 
void of meaning. In fact, it can mean very different things, includ-
ing: 
(i) Distribution of radii of inscribed spheres in the pore-
space (eg [3,315]). Although this is a rather clear definition it 
is unclear in which way the distribution could be determined and in 
which theoretical or applied context it fits. In particular for 
capillary liquid transport, this notion is without any significance, 
because the inscribed sphere touches the solid phase in a few points, 
while a meniscus needs one or more three-phase lines to support it. 
(ii) Distribution of the lengths of the line sections in the 
porespace that result when a straight line is placed at random in 
a porous medium. This distribution can be obtained from photomicro-
graphs [277,316,327]. It is clear that this distribution provides 
some information on the geometric properties of the porespace but 
it must be emphasized that the same length distribution is a property 
of very different kinds of porous media. For example, the inter-
sections, given in Fig 1.3, models 224 and 235, might yield the 
same length distribution. 
(iii) Curvature of the meniscus as a function of the liquid 
content, ie C{u) as determined under some specified conditions. In 
almost all cases such a C(u) or "P(u) function is transformed, by 
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means of a model, into a tube radii distribution, which is then 
used in the same or another model to predict a transport coef-
ficient. This IS not necessary, leads to confusion, and disguises 
critical assumptions. It leads to statements such as 'Since a 
variety of different capillary shapes may give rise to the same 
capillary pressure, the pore dimensions calculated from capillary 
pressure measurments are also somewhat qualitative.' [9], which 
statement, to say the least, completely disguises what the problem 
IS m calculating no matter what from capillary pressure, le fdi), 
measurements. Slips of the pen, such as that we can 'relate the 
capillary pressure to the mean radius of curvature, to the air-
water interfacial tension and to the contact angle' ([2], page 476), 
suggest that in due course the concept of a meniscus curvature will 
have disappeared completely, giving place to the all embracing 
cylindrical tube radius. 
1.10.2. Molecular diffusion and viscous flow. In the preceding sections 
the term tortuosity and the symbol x has not been used in a consist-
ent way. Both -TO and k depend on some kind of x; whether this 
is the same x depends on its definition. If x is defined as a geo-
metric property of the porespace, keeping to model 112 as close as 
possible [49] , it is the Scime x that enters into the expressions 
for ID and k. But, in a real porous medium, such a tortuosity 
IS always combined with a constrictivity factor. And the latter is 
not the same for molecular diffusion and viscous flow because of 
the different influence of constrictions on the integration of the 
respective differential equations [46]. 
In most applications x is used as a factor that accounts for 
both tortuosity and constrictivity. This is the case when x is used 
as a fudge factor as well as when determined from ionic conductivity 
measurements. This x is not the same for molecular diffusion and 
viscous flow. Determination of x or x(u) (from conductivity measure-
ments) to predict k or k{u) is possible only when a model is assumed 
that does not contain tubes with constrictions. 
1,10,4. The interrelationship of k(u) and 'iKn). For capillary liquid 
transport the hypothesis is used that [cf eq (1.8)] 
q = -k{u) 4-^'i/{u) + xcosa} (1.36) 
dx 
To test this equation we need k{u), 'i'(u), and the data of a displace-
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ment experiment yielding u{t,x). Experimental data available have 
been obtained mainly on drainage and infiltration experiments [268, 
R62,R269]. Normally, the procedure is to measure u{t,x), ^{t,x), and 
q and to calculate then, numerically, k{u) from eq (1.36). It appears 
that there is strong hysteresis in t{u) and some in k{u) . Independent 
measurements of k{u) hardly exist. The experimental difficulties 
are considerable, nevertheless a check of applicable models against 
these data should be worthwhile. On the other hand it should be 
noted that, although eq (1.36) is almost universally accepted [32,33, 
78], there is in fact little or no evidence that it is true [317]. 
The fact that k{u) and V{u) are non-unique functions for a given 
porous medium and liquid is of course one of the main difficulties. 
1.10.5, Imbibition and draining. The difference between capillary 
rise, wetting, and infiltration on the one hand, and drainage and 
suction on the other is generally recognized and some of the 
distinctions have been mentioned above. We may note here that 
imbibition curves in a suction experiment (ie imbibition of a 
partly saturated medium) are not comparable with imbibition of a 
dry porous medium. Further that, although drainage and suction 
have much in common (and, by the way, should be clearly distin-
guished from drying), there are still differences caused by kinetic 
and accessibility aspects. See, eg , the data on imbibition, drain-
age, and suction in [322]. Because so little is known about the 
mechanisms of capillary liquid transport this is not the place to 
dwell further on these differences. 
1.10.6. Suction and mercury porosimetry. The "f (u) curves obtained by 
a suction experiment and those obtained by mercury porosimetry 
may seem directly comparable. In both cases a non-wetting phase 
displaces a wetting phase. However, even m this case, there are 
important differences, which have hardly been analyzed. 
In a suction experiment one side of the porous medium is 
connected with the wetting liquid, the other with air. During 
mercury impregnation the evacuated porous medium is completely 
surrounded by mercury. This difference in initial and boundary 
conditions causes a different continuity of the two fluid phases 
during the experiment. When the impregnation curve, for mercury or 
air, IS followed by a retraction curve, the difference becomes 
even more pronounced. In the case of mercury porosimetry the na-
See however section 5.4.4. 
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ure of the retraction curve depends strongly on the high press-
ure point from which it starts, because the release of mercury 
from the cavities depends on the number of closed near-contacts 
[92]. The higher the number of near-contacts closed during im-
pregnation, the more difficult is the retraction. 
1,11. Concluding remarks 
Even when much of the criticism presented in the preceding sections 
IS accepted, the question remains whether there is an alternative. 
Now we have not the intention to judge the practical usefulness 
of models, empirical correlations, or mathematical solutions, 
for some specialized applied science. That can be done only by 
those, if any, who make use of those models, correlations, and 
solutions in practice. Any criticism is levelled against claims 
of knowledge, m the sense of a priori predictability, and against 
the priorities chosen to obtain such knowledge. From the criticism 
and the analysis of the problem situation, the priorities for 
further research follow. The following list can be considered as 
the alternative asked for above. 
(i) We have restricted ourselves to simple porespace struc-
tures. For this case the values of ID ^ ,, and k for a saturated 
ef f 
porous medium, are more or less established via eqs (1.22) and 
(1.23). The usefulness of the parameters x and 5 should be studied, 
Ie they should be defined and made measurable in a simple way. 
Special attention should be given to the statistical analysis of 
photomicrographs. 
(ii) As to dispersion and k{u) there is no need for more 
models. Experimental data on simple systems, such as glass beads 
and coarse sand, are hardly available, and they should be collected 
first. 
(ill) For capillary liquid transport, the major drawback is 
that almost nothing is known about the form of the menisci that 
may be present m a porous medium. Though this certainly is not 
an easy matter, it must be possible, e g , to give a reasonable 
account of the menisci that can be formed in a hexagonal sphere 
packing. We expect that, when the latter problem is solved, this 
will have a severe influence on all descriptions of capillary 
liquid transport and several other areas such as agglomeration. 
Perhaps it is worthwhile to stimulate mathematicians to consider 
this problem. 
54 
(iv) The quantity and quality of experimental data on u{x,t) 
obtained in capillary rise or drainage experiments is low. We 
expect that accurate u{x,t) measurements on simple systems under 
different conditions will provide much understanding of the 
nature of capillary liquid transport. A review of the existing 
data IS needed, especially because there is hardly any contact 
between the research carried out in soil science (which is mainly 
published m English) and the research done m building physics 
(which IS mainly published in German). 
(v) For imbibition processes (capillary rise, infiltration, 
wetting) no progress can be made before (iii) has been solved. 
For draining processes the approach using models such as 241 [241] 
and 22 [233] seems to give a reasonable approximation. It seems 
advisable to check the models against drainage experiments in the 
first place. 
(vi) The interpretation of the scanning curves obtainable 
by suction and mercury porosimetry can be of heuristic value for 
a general understanding of the behaviour of menisci in porous 
media. The combined study of suction and mercury porosimetry can 
add to this. It may be noted that the fact that these experiments 
are rather time consuming has never been explained. Study of the 
kinetics of reaching the equilibrium points can help to gam 
insight in k{u) and the little studied phenomenon of meniscus 
redistribution. 
(vii) Finally, we may emphasize two related problem areas that 
are directly relevant to the problem of obtaining reliable experi-
mental data. First, we need techniques to make homogeneous porous 
media and techniques to check this homogeneity [318]. Secondly 
we need a reliable technique to measure the contact angle of 
porous media. 
From these priorities it will be clear that we do not share 
the prejudice that a scientific publication must contain a- mathemat-
ical model, which can only be expressed in tensor notation and 
solved only by a large computer, while it may contain experimental 
data (but one experiment at a maximum). 
CHAPTER 2 
A PROBLEM IN CAPILLARY RISE IN POROUS MEDIA 
2.1. Introduction 
From the review presented m the preceding chapter, it appears 
that none of the existing porespace models can describe the phenom-
ena observed during capillary rise in porous media. The data 
gathered in Table 1.4 show that the common sense description of 
capillary rise in porous media is inadequate. There is no obvious 
reason why we should sometimes observe a linear relationship 
between dh/dt and 1/h and sometimes not [cf eq (1.33)], and why we 
should sometimes observe a saturation gradient in the equilibrium 
situation and sometimes not.' And again, as will appear, why these 
different phenomena can be observed on porous media with the 
"same" porespace geometry. 
In this and the following chapters the discussion is restrict-
ed to capillary rise in porous media. The phenomenon of drainage 
is treated en passant. That is to say, the experimental results 
and the interpretation for drainage have a function in elucidating 
the more complex phenomenon of capillary rise. In the present 
chapter the experimental techniques and a classification of the 
observed phenomena are given. In chapter 3 a number of refuted 
or non-confirmed hypotheses are discussed. Chapters 4 and 5 con-
cern possible solutions to the problem as stated in section 2.4. 
2.2. Experimental techniques 
2,2,1, General remarks. Capillary rise experiments were performed by 
submerging a porous medium m a liquid and observing the capillary 
rise visually, yielding h{t), and/or by means of an X-ray absorption 
teclinique, yielding u{h,t). Drainage experiments were carried out 
by draining a completely saturated porous medium and observing 
u{h,t), 
A large number of experiments were performed with different 
scfild and liquid phases and under different conditions. Each experi-
ment has a many symbol name, which gives information about the most 
1. Cf section 1.9 and the SUMMARY AND INTRODUCTION. 
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important parameters. The meaning of the symbols is given in the 
Appendix. 
In this section the main outline of the experimental techniques 
IS given. Details relevant to specific hypotheses are given in the 
subsequent chapters where such a hypothesis is discussed. 
2,2,2, Materials used. For obvious or practical reasons most ex-
periments were carried out with glass beads or sand as the solid 
phase and water or toluene as the liquid phase. Other solid phases 
include: mixtures of sand and glass beads, crushed glass, fused 
silica particles, copper spheres, and polystyrene spheres. Other 
liquid phases include n-hexane, n-heptane, paraffin oil, ethyl 
alcohol, glycol, dichloroacetic acid, acetonitrile, and nitro-
methane. These other solid and liquid phases were used to test 
specific hypotheses. The organic liquids were, m general, of 
reagent quality and used without further treatment. See section 
4.6.4 for the influence of the purity of the wetting liquids. 
Glass beads and sand from various sources were used and different 
pre-treatment procedures were applied such as heating, cleaning 
with detergents and/or acids, and etching. Further details on 
this are given in section 3.3. 
2,2,2, The porous medium. The porous media are prepared by packing 
the particles in a vessel using a special technique. This tech-
nique consists of a controlled deposition of the particles in a 
vessel that is subjected to a controlled horizontal vibration. In 
this way reproducible and homogeneous packings are obtained. The 
homogeneity, defined as the scatter in e(/j), is measured using an 
X-ray absorption technique. In the case of glass beads, experiments 
were also carried out with consolidated porous media, i e the 
particles are sintered together without noticeable disturbance of 
the packing or deformation of the particles. The packing technique, 
the homogeneity measurement by means of X-ray absorption, and the 
sintering technique have been described m detail elsewhere [318]. 
In almost all cases the porous media used were cylindrical, 
usually with a diameter of 23 mm and a height of 10-25 cm. The non-
consolidated porous media were supported by glass cylinders with 
a glass filter at the bottom. The supporting cylinders with filter 
were cleaned with detergent, water and dried with reagent acetone. 
The influence of the homogeneity, the filter, the wall effect, etc, 
IS discussed in section 3.2. 
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2.2.4. Experimental conditions. All experiments were conducted at 
(20 ± 0.5)"C. The experiment is started by submerging the porous 
medium 2 mm below the liquid surface. Depending on the duration of 
the experiment and the vapour pressure of the liquid, precautions 
are necessary to ensure a constant level of the free liquid surface. 
The liquid front at the wall was observed visually. In select-
ed experiments the capillary rise was also followed by means of 
X-ray absorption. In this case the saturation of the porous medium 
IS measured as a function of time in 1 mm sections of the medium. 
Usually, the height of the column was scanned with steps of 2.5 mm. 
The relation between the logarithm of the transmitted intensity, 
I, an the liquid content, u, is linear [318], but, because of the 
z(h) fluctuations, the constants differ for different heights. 
Therefore it is necessary to know, for each height, the intensity 
at zero and complete saturation, Jo and Iioo respectively. No 
attempt was made - given the problem situation - to make very 
accurate u measurements; the error is in the order of 3-5 % absolute. 
During capillary rise there will be some air entrapment (cf section 
3.4). Nevertheless, all results are calculated and reported as if 
the porous medium is completely saturated below the sharp wetting 
front. Further, in most cases, Iioo» for heights not completely 
saturated at equilibrium, is calculated from Jo, assuming a 
constant Iioo/Jo ratio for the porous medium and the X-rays used. 
A number of experiments were performed under special bound-
ary conditions with respect to the partial pressure of air in 
different parts of the system. These are described in sections 
3.4.1. and 3.6. 
2,2, Classification of the observed phenomena^ 
2,2.1, Terwninology. An experiment is performed upon a certain system. 
A system consists of a combination of a solid phase and a wetting 
(liquid) phase. The solid phase is a homogeneous packing of par-
ticles of a certain narrow size distribution. When the solid phase 
2. The experimental results on capillary rise and drainage, to which we refer 
in this and the next chapters, were gathered over a number of years. The 
greater part of the experimental work was carried out by Monsieur D.R.Y. 
Karboviac. Further, a large number of students contributed to specific 
parts as part of their undergraduate course work 
TABLE 2.1 
Occurrence of different capillary rise phenomena as a function of the 
solid - liquid combination 
Oj^/dJc ^ C / L, ^L I I s^x, 7HJ-. ^ <l_/i^ 
Solid phase Class la Class lb Class Ila Class lib 
glass beads 
sand 
crushed glass 
fused silica 
polystyrene 
toluene, hexane 
water, toluene, 
paraffinic oil 
water, toluene 
toluene 
heptane, ethylalcohol 
ethylalcohol (?), 
glycol (?), water (?) 
paraffinic oil toluene, hexane, water 
ethylalcohol (?), 
acetonitril (?) 
glycol nitromethane 
glass beads 
scind water [36,132,135,335-338] 
oil [302] 
water [72,172] 
water [308,397] 
(?) water [176,304] 
water [306,338] (?) water [306,322,339] 
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is from a different source or has been subjected to different 
surface treatments, or when the experimental conditions are differ-
ent, this IS still called experiments upon the same system or 
combination. When all known parameters are the same, as far as is 
known, this is called experiments upon identical systems. 
The observed phenomena suggest a classification as follows 
(the times given refer to the capillary rise of water m 350 ym 
sand particles' or glass beads): 
Class la. At first there is a rapid capillary rise of a sharp 
liquid front, for which eq (1.33) is valid (ie dh/dt vs 1/h is 
linear). After some minutes a saturation gradient starts to 
develop. Equilibrium is reached after 1-3 days. 
Class lb. At first there is a very slow capillary rise of a 
sharp liquid front, for which eq (1.33) does not hold. After 
several days a saturation gradient develops. An equilibrium situ-
ation IS reached after several months or years. 
Class Ila. Equilibrium is reached m a few minutes. A satura-
tion gradient does not develop, ie , no saturation gradient wider 
than lOd. The capillary rise obeys eq (1.33). 
Class lib. Eq (1.33) does not hold, except for the very first 
moments of capillary rise. Equilibrium is reached after several 
weeks. No saturation gradient develops. 
la, lb, etc are used as adjectives in phrases like 'la system' 
and 'this system shows a la behaviour', which mean: when an experi-
ment IS performed upon this system the phenomena characteristic 
for class la are observed. The equilibrium height is the maximum 
height of capillary rise for complete saturation. The equilibrium 
time IS the approximate time it takes to reach a height less than 
0.5 mm below the equilibrium height. 
In Table 2.1 the combinations that show a certain class be-
haviour are presented. Some data from the literature are included. 
It should, however, be noted that of the 18 references given only 
one [171] provides enough information to decide, beyond doubt, 
which behaviour was observed. 
2.3.2. Class la behaviour. la systems display rapid rise and a 
saturation gradient at equilibrium. Figs 2.1-3 show dh/dt vs 1/h 
for some representative cases: toluene and hexane in glass beads 
3. All experiments were performed with sieve fractions (see Appendix). They 
are denoted by the average particle diameter (median). 
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(Fig 2.1); toluene and water in sand (Fig 2.2); and toluene in 
crushed glass and copper spheres (Fig 2.3). For sand - paraffin 
oil see Fig 2.9. From the data for toluene in glass beads and sand, 
It can be seen that the reproducibility is good for identical sys-
0 2 0 3 
— Mh (cm -1) 
0 4 0 5 
Fig 2.1. Class la. Capillary rise of toluene (V, o) and hexane (x) in 350 \m 
glass beads. 
0 1 0 2 
— 1//i(cm -1) 
Fig 2.2. Class la. Capillary rise of toluene (o, +, V) and water (x) in 
325 Um sand. 
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I 0 8 
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•D 
1 0 4 
I 0 
0 01 0 2 0 3 0 4 0 5 
» - 1//> (cm-1) 
Fig 2.3. Class la. Capillary r i se of toluene in 360 ym crushed glass (o) and 
360 um copper spheres (x). 
tems."* The v e r t i c a l s t r o k e a t t h e lower end of each s t r a i g h t l i n e 
i n d i c a t e s t h e p o i n t a t which t h e s a t u r a t i o n g r a d i e n t s t a r t s t o 
d e v e l o p . Th i s p o i n t was de t e rmined by means of X-ray a b s o r p t i o n , 
e x c e p t i n t h e c a s e of copper where i t was e s t i m a t e d v i s u a l l y . The 
v a l u e s of k o b t a i n e d by e x t r a p o l a t i o n of t h e s t r a i g h t l i n e s a r e 
of t h e same o r d e r of magni tude as t h o s e c a l c u l a t e d from eq (1 .23) 
[cf s e c t i o n 3 . 2 ] . 
The h e i g h t above which a s a t u r a t i o n g r a d i e n t d e v e l o p s i s 
a lways h i g h e r t han t h e e q u i l i b r i u m h e i g h t of t h e same sys tem t h a t 
comes under c l a s s I l a o r l i b . Three examples of a d e v e l o p i n g 
s a t u r a t i o n g r a d i e n t a r e g i v e n in F i g 2.4 ( t o l u e n e - g l a s s b e a d s ) , 
F i g 2 .5 ( w a t e r - s a n d ) , and F i g 2 .6 ( h e p t a n e - p o l y s t y r e n e ) . I t was 
assumed t h a t e q u i l i b r i u m had been r eached when t h e r e was no change 
in t h e measured u{h) f o r t e n d a y s . The r e p r o d u c i b i l i t y of t h e 
s a t u r a t i o n g r a d i e n t i s good fo r i d e n t i c a l s y s t e m s . ^ 
4. The scatter of the points i s due to the inaccuracy m reading the height 
of the wetting front. This accuracy might, in pr inciple , be improved by 
filming the capillary r i s e . However, at very high velocit ies the liquid 
front becomes rather irreguleir, for understandable reasons, cind there i s 
therefore not much sense in carrying out a more severe test ing of eq (1.33). 
5. Cf: (i) Experiments 2Pk3k and 2Pk4k in Fig 2.6 and (ii) experiment 3fi22t 
m Fig 2.4 and 3fp32t in Fig 2.15. The saturation gradient after drainage 
IS reproducible as well: see Fig 2.10. 
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Fig 2.4. Class la. Development of the saturation gradient for capillary rise 
of toluene in 350 ym glass beads. 
120 5 Sw 3e 
X 3 mm 
o 8 mm 
+ 40 mm 
A 330 mm 
• 1 370 mm 
y 2800 mm 
Fig 2.5. Class la. Development of the saturation gradient for capillary rise 
of water in 550 ym sand. 
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Fig 2.6. Class la. Development of the saturation gradient for capillary rise 
of heptane in 215 ym polystyrene spheres. 
63 
Drainage experiments performed upon la systems always yield 
a saturation gradient at equilibrium, which is reached rapidly. An 
example, for toluene-sand, is given in Fig 2.7 (cf also Fig 2.10).' 
3 S 43 td 
A 2 mm 
+ 6 mm 
o 20 mm 
X 360min 
11 12 13 14 
— » - h (cm) 
18 19 
Fig 2 . 7 . Class l a . Development of the s a t u r a t i o n g r a d i e n t dur ing dra inage 
of to luene from 360 ym sand. 
2.3.2. Class lb behaviour. lb systems display very slow r i s e and 
a sa tu ra t ion gradient a t equil ibr ium. At t h i s laboratory lb be-
haviour has never been observed with c e r t a i n t y . ' I t i s , however, 
c lear from the l i t e r a t u r e tha t such systems e x i s t . See Table 2 . 1 . 
The only soph i s t i ca ted experiment reported i s th3t of Cammerer 
[171]. He f inds , for water m 200-300 ym glass beads, a sharp 
r i s ing f ront for the f i r s t 10 days or so. Then, a t a height of 
about 12 cm a sa tu ra t ion gradient s t a r t s to develop. After 128 days 
there was s t i l l no equil ibrium and a sa tu ra t ion gradient from 13 
to 20 cm. We have no reason to suppose tha t lb behaviour i s more 
rare than tha t of the other c l a s se s . 
2.2.4. Class Ila behaviour. I l a systems display rapid r i s e and no 
sa tura t ion gradient a f te r cap i l l a ry r i s e . Fig 2.8 shows dh/dt vs 
1/h for water-sand. The points given for dh/dt = 0 r e fe r to the 
equil ibrium he igh t s . In Fig 2.9 the r e s u l t s are given for paraf-
fin o i l in g lass beads (class I la) and m sand (class l a ) . The 
6. One should not be confused by the d i f f e rence in the equ i l ib r ium time for 
3S43td (< 360 min) and 9Sw2ed (< 3 min). The d i f f e r ence in p a r t i c l e s i z e 
e n t a i l s a d i f f e r ence in the pe rmeab i l i ty for s a t u r a t e d flow by a f ac to r 30. 
7. Possible lb systems are discussed in sec t ion 5 . 4 . 3 . 
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Fig 2 . ! 
1 2 
0 8 
0 4 
X 7Sa3e 
0 5Sa2e 
0 1 0 2 0-3 
— Mh (cm -1) 
0.4 0 5 
Class I l a . C a p i l l a r y r i s e of water in 550 ym sand (o) and 780 ym 
sand (x ) . 
0 1 0-9 17 
» — Mh (cm -1) 
2 5 3 3 
Fig 2.9. Capillary rise of paraffinic oil in 350 ym glass beads (x), class Ila, 
and in 325 ym sand (o), class la. 
X X,^  X v X 
Fig 2.10. Saturation gradient after drainage of water from 925 ym sand. Class la 
(x, o) and class Ila (A). 
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9 St 2ed 
7 3 mm 
+ 10 mm 
o 45 mm 
X 1440 mm 
4 3300 mm 
Fig 2.11. Class I la . Development of the saturation gradient during drainage 
of water from 925 ym sand. 
concave p a r t of t h e curve a t low h e i g h t s i s due t o t h e s u p p o r t i n g 
f i l t e r (cf s e c t i o n 3 . 2 ) . ° 
In Fig 2.10 t h e s a t u r a t i o n g r a d i e n t a f t e r d r a i n a g e i s g iven 
fo r a l a and a I l a sys tem w a t e r - s a n d . The g e n e r a l form of t h e 
g r a d i e n t i s the same, b u t t h e r e i s a l a r g e d i f f e r e n c e i n t h e 
e q u i l i b r i u m t i m e . F ig 2 .11 shows t h e development of t h e s a t u r a t i o n 
g r a d i e n t (dur ing d r a i n a g e ) for t h e I l a sys tem. The e q u i l i b r i u m 
t ime IS in t h e o r d e r of two d a y s , t o be compared w i th l e s s than 3 
min fo r t h e (same) l a sys tem. 
2.2.5. Class lib behaviour. l i b sys tems d i s p l a y slow r i s e and no 
s a t u r a t i o n g r a d i e n t a f t e r c a p i l l a r y r i s e . In F i g s 2 .12-14 t h r e e 
examples a r e g iven of dh/dt vs 1/h. Because t h e v e l o c i t y of 
c a p i l l a r y r i s e d e c r e a s e s s t r o n g l y w i th i n c r e a s i n g h e i g h t t h e s c a l e 
f o r dh/dt IS changed, f i r s t from mm/sec t o mm/min and then from 
mm/min to mm/hr, t o o b t a i n a good d i s c r i m i n a t i o n . ' The concave 
8. Because no s a t u r a t i o n g r a d i e n t i s p r e sen t and eq (1.33) i s obeyed, e q u i -
l ibr ium i s reached very r a p i d l y . In the case of water -sand, measurements 
are hardly p o s s i b l e , equ i l ib r ium being reached in a few minutes or l e s s . 
For pa ra f f in o i l - g l a s s beads , a he igh t of 1.95 cm had been reached a f t e r 
17 rain. The equi l ib r ium he igh t of 2.00 cm did not change over the next 40 
days (a f te r which no fu r the r readings were t a k e n ) . 
9. Although i t i s not a normal procedure t o spread the da ta of one experiment 
over d i f f e r e n t s c a l e s i t seems the bes t method in the p re sen t case . Various 
s c a l e s were t r i e d , but in no case did we obta in curves of reasonable form and 
d i sc r imina t ion over the whole range of measurements. Fu r the r , for reasons 
of comparison and i n t e r p r e t a t i o n , dh/dt vs 1/h on l i n e a r s c a l e s has severa l 
advantages. 
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1 2 -
0 8 
0 4-
0 1 0 2 0 3 
— Mh (cm-1) 
0 4 0 5 
Fig 2.12. Class lib. Capillary rise of toluene in 350 ym glass beads. 
1 -6 -
1 2 
0 8 
0 4 
0 1 0 2 
— 1//I (cm -1) 
Fig 2.13. Class lib. Capillary rise of water in 350 ym glass beads. 
part at short times m Fig 2.13 (for water - glass beads) is due 
to the resistance of the supporting filter. Fig 2.14 for water-
sand is an example of the fact that a number of points on a straight 
line do not permit the conclusion that capillary rise can be de-
scribed by eq (1.33). For almost all lib systems, the part of the 
dh/dt - 1/h function at low heights can be approximated by a 
straight line, le , Fig 2.14 is the representative case and Fig 
2.12 IS the exception. The value of k, obtained by extrapolation 
of this straight line, is comparable with that obtained for la and 
Ila systems (cf section 3.2). For identical lib systems the re-
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2 0 -
1 6 -
1 2 
0 8 
0 4 -
Fig 2 .14 . Class l i b . C a p i l l a r y r i s e of water in 360 ym sand. 
p r o d u c i b i l i t y i s good f o r t o l u e n e - g l a s s b e a d s , b u t n o t f o r w a t e r 
- g l a s s b e a d s ( s e e a l s o s e c t i o n 3 . 3 . 1 ) . 
I n T a b l e 2 . 2 some e q u i l i b r i u m h e i g h t s a r e g i v e n . F o r w a t e r -
g l a s s b e a d s a n d t o l u e n e - g l a s s b e a d s t h e r a n g e g i v e n i n d i c a t e s 
t h e minimum a n d maximum v a l u e s f o u n d i n a s e r i e s o f a b o u t t e n 
e x p e r i m e n t s w i t h t h e s ame s y s t e m ( s e e a l s o s e c t i o n 3 . 3 ) . F o r t h e 
o t h e r c o m b i n a t i o n s o n e t y p i c a l e x a m p l e i s g i v e n . The n u m e r a l s 
b e t w e e n p a r e n t h e s e s i n t h e l a s t c o l u m n r e f e r t o t h e n u m b e r o f d a y s 
a f t e r w h i c h n o f u r t h e r r e a d i n g s w e r e t a k e n . 
TABLE 2.2 
Equil ibr ium h e i g h t s and t imes for l i b systems (d = 350 ym, l a s t t h r e e 
examples perhaps l b , cf s e c t i o n 5.4.3) 
Combination equ i l i b r ium he igh t (mm) 
equ i l i b r ium 
time (days) 
g l a s s beads - water 
g l a s s beads - to luene 
Scind - water 
glass beads - dichloroacetic acid 
glass beads - glycol 
polystyrene -alcohol 
77 - 113 
32 - 58 
73 
42 
85 
57 
21 (173) - 85(142) 
5(40) - 34(82) 
66(114) 
>180 
300(1000) 
3(60) 
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4 3tp34td 
o 3n 14td 
X 3n 6 td 
+ 3 fp32t 
V 3n 92t 
Fig 2.15. Saturation gradients at equilibrium for 350 ym glass beads-toluene. 
eapill-ary r i se , class l ib (V), class la (+) . Drainage: c lass lib 
(o, x) , class la (A). 
In F ig 2 .15 s a t u r a t i o n g r a d i e n t s a f t e r c a p i l l a r y r i s e and 
d r a i n a g e a r e d e p i c t e d for t o l u e n e - g l a s s b e a d s , which combina t ion 
shows bo th l a and l i b b e h a v i o u r . In g e n e r a l t h e form of t h e s a t u -
r a t i o n g r a d i e n t a f t e r c a p i l l a r y r i s e o r d r a i n a g e for l a sys tems 
and a f t e r d r a i n a g e fo r l i b sys tems i s t h e same. '° 
2.4. Statement of the problem 
From t h e c o n t e n t s of s e c t i o n 2 .3 i t fo l lows t h a t t h e r e a r e two 
p rob lems : ( i ) p r e s e n c e o r absence of a s a t u r a t i o n g r a d i e n t and ( i i ) 
r a p i d o r slow c a p i l l a r y r i s e . These two b i p a r t i t i o n s g i v e r i s e t o 
four c l a s s e s of phenomena. The f a c t t h a t a l l four p o s s i b i l i t i e s 
occur s u p p o r t s t h e h y p o t h e s i s t h a t t h e two problems a r e n o t d i r e c t -
ly r e l a t e d . More p r e c i s e l y t h e problems can be fo rmula ted a s f o l l o w s . 
PROBLEM I ( r e g a r d i n g t h e s t a t i c s of c a p i l l a r y r i s e m homogene-
ous p a c k i n g s of r o tund p a r t i c l e s ) : Uhat is the reason that in some expe-
riments a saturation gradient (much wider than lOd) is observed, while m other 
experiments, not necessarily with other solid-liquid combinations, such a gradient 
IS not observed. 
10. The almost absent saturation gradient found for 3nl4td i s the exception, 
but not due to some error. Experiment 3f ' l2td (also class lib) yielded a 
saturation gradient of 0.7 cm. All other drainage experiments tha t were 
ceirried out with 350 ym par t ic les (about 30) yielded a gradient of at 
least 2 cm. 
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PROBLEM II (regarding the dynamics of the sharp, rising, 
liquid front during capillary rise in homogeneous packings of ro-
tund particles) : What is the reason that in some experiments the capillary 
rise velocity decreases linearly with the inverse height, which, according to 
the classical theory, one would expect, while in other experiments, not 
necessarily with other solid-liquid combinations, the rise velocity decreases 
much more slowly. 
Problem I is dealt with in chapter 5 and problem II in chapter 
4. In chapter 3 a number of refuted or non-confirmed hypotheses 
are discussed. The following remarks further define the subject of 
the subsequent chapters. 
(i) In general there were no problems in classifying the 
experimental results. Either a saturation gradient was not obeserved, 
or a saturation gradient was observed with a width of at least a 
third of the equilibrium height. Either eq (1.33) was obeyed or 
there were large deviations. Although the experiments cover a broad 
range of liquids and solid phases, it is of course possible that 
for certain systems there is a much more gradual change from one 
kind of behaviour to another. In fact, the solutions offered in 
chapters 4 and 5 predict such a gradual change. For reasons of 
clarity most of the subsequent considerations are however couched 
in terms that presuppose a sharp distinction between the four 
classes. 
(ii) It IS almost trivial to remark that the properties of 
the solid surface and its interaction with the liquid, especially 
at the three-phase line, will be relevant to the explanation of 
the observed phenomena. It should, however, be noted that we are 
not concerned with differences in the quantity of capillary rise 
but with differences in the nature of capillary rise. Further, 
problem I might suggest the existence of two different mechanisms 
of capillary rise, and problem II might suggest that other trans-
port phenomena intervene. However, the suggestions could be inter-
changed as well. Therefore it is not immediately clear m what 
way, if any, different surface properties would cause different 
phenomena. 
(ill) The problems have been stated in qualitative terms. The 
discussion in the following chapters is restricted to possible 
transport mechanisms, and not, in general, concerned with their 
quantitative description. This implies, among other things, that 
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we do not here consider the kinetics of the developing saturation 
gradient, nor its detailed form, but are only concerned with 
explaining the presence or absence of a gradient. Likewise, we 
do not discuss the kinetics of Ib/IIb behaviour but only possible 
explanations of the failure of eq (1.33). 
(iv) Again, the discussion is restricted to homogeneous 
monodisperse porous media. For inhomogeneous porous media or solid 
phases that display no homogeneous wettability, and probably also 
for very irregular porespaces, a saturation gradient will always 
be present, usually from the very first moments of capillary rise. 
(v) The existence of the two problems has not been reported 
as such in the literature. Nevertheless, the problems, in particular 
problem II, could have been recognized long ago, given the experi-
mental data reported. There are several reasons that explain that 
this did not happen. These will not be discussed here. 
(vi) The existence of the two problems has several conse-
quences, eg for the techniques using capillary rise to deter-
mine physical constants, such as the contact angle. This aspect 
will be discussed elsewhere. 
(vii) On earlier presentations of the two problems we have 
occasionally met strong scepticism with regard to their existence. 
For example it was said that inhomogeneous media would give satu-
ration gradients while homogeneous media should not give a satu-
ration gradient; or that air entrapment might strongly reduce the 
capillary rise velocity. For this and other reasons we discuss a 
number of possible errors, secondary phenomena, and such like in 
some detail in the next chapter. 
CHAPTER 3 
REFUTED AND NON-CONFIRMED HYPOTHESES 
3.1. Introduction 
In this chapter more details are given concerning the systems that 
display a certain class behaviour. This information is couched in 
a discussion of several secondary phenomena that might cause 
apparent anomalous behaviour. As said before, the existence of the 
two problems in capillary rise can be doubted by invoking ad hoc 
hypotheses, mostly to the effect that the solution of some experi-
mental problem would resolve the problem.' This is one of the 
reasons that a number of possible secondary phenomena will be dis-
cussed in some detail, although, in almost any case, the rejoinder, 
to the contention that a parameter beyond control causes the class 
behaviour, is that a large number of experiments have been carried 
out under more or less identical circumstances and that it is 
highly improbable that the results fall apart into four classes 
without, in general, any intermediate cases, or showing different 
behaviour for identical systems. 
On the other hand, the data reported in this chapter provide 
further insight in the phenomena as such, as well as the raw ma-
terial the hypotheses presented in the next chapters have to fit. 
In the sections that follow, we discuss possible disturbances 
caused by inhomogeneous porous media (section 3.2), -the properties 
of the solid surface (section 3.3), the displaced phase (section 
3.4), and transport phenomena of the wetting phase other than 
capillary rise (section 3.5). In section '3.6 experiments with 
counter-pressure are discussed, the results of which bear upon 
several of the points mentioned before. 
2. 2. Homogeneity of the porous medium 
Alle experiments were performed with porous media made out of sieve 
fractions. Because the same sieve fractions of the same particles 
1. It may be of interest to note that from discussions regaring problem I it 
has appeared that some think that a saturation gradient at equilibrium 
is the normal case, while others consider the absence of the gradient as 
normal. 
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come under different classes, the size distribution is not a rel-
evant parameter. Of course, a narrow sieve fraction may yield a less 
wide saturation gradient, if such a gradient is present, but that 
IS not our main concern here. 
The homogeneity of all porous media, except those of high-
density glass and copper, was checked by means of X-ray absorption. 
Homogeneous media display a scatter in c{h) of 0.1-0.4 % absolute. 
See [318] for details and examples of e{h). No correlation exists 
between homogeneity and class behaviour. Stronly inhomogeneous 
media, no matter of which class, yield an inhomogeneous saturation 
gradient, which is easily distinguished from a la saturation gradi-
ent. 
Each particle packing m a vessel has higher porosities at 
the wall than in the bulk of the packing, the influence of which, 
on the moving liquid front, is negligible. Visual measurements at 
the wall and X-ray measurements yield identical results (withm 
0.5 mm), provided the wettability of the wall is not much different 
from that of the solid phase. In the visual measurements the top 
of the liquid front is observed, as appears when a saturation 
gradient develops. An example is given in Fig 3.1. With some experi-
ence visual estimates of the width of the saturation gradient 
are reasonably possible. 
The wetting process might disturb the particle packing (cf 
consolidation of a filter cake). For this reason experiments were 
also carried out with porous media consisting of sintered glass 
beads. The sintering produces a porous medium in which the particles 
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Fig 3.1. Capillary rise of toluene m 360 ym sand (class la). 
Comparion of visual an(i X-ray absorption measurement. 
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are definitely fixed relative to each other, but without signifi-
cant deformation of the particles. No correlation was found be-
tween sintering and class behaviour. 
A second reason to perform experiments with sintered packings 
IS the possible influence of the supporting filter, necessary for 
non-sintered packings. Experiments were carried out with fine 
filters (Jena P4), with coarse filters (Jena PO), with home-made 
filters consisting of the same spheres as the non-sintered packing, 
and with completely sintered media. No influence of air (entrapment) 
below, in, or just above, the filter could be detected. The fine 
filter has a rather strong influence on the resistance to flow at 
low heights (high velocities). This causes a concave part in the 
dh/dt vs 1/h curve (cf Fig 2.13). Most experiments were performed 
with a coarse filter. This filter still causes a small extra resis-
tance observable at high rise velocities. This is apparent form 
Table 3.1, in which k is given, as calculated from eq (1.23), and 
as obtained by extrapolation from the straight (part of the) dh/dt 
vs 1/h line at low heigths. It can be seen that for d = 350 ym and 
water or toluene as the wetting liquid the experimental fe's lie 
in a range somewhat below the values predicted by eq (1.23). The 
range indicated for the theoretical values corresponds to the 
TABLE 3.1 
Permeability during the first moments of capillary rise (no difference 
between different classes) 
p 
^ 
s 
350 
350 
325 
325 
125 
325 
ym 
ym 
ym 
ym 
ym 
ym 
system 
solid - liquid 
glass beads - water 
glass beads - toluene 
sand - water 
sand - toluene 
glass beads - toluene 
sand - paraffinic oil 
permeability, ^ L .^ 
experimental 
1 - 6 
2-11 
1 - 2 
1 - 5 
1 - 3 
0.1 - 0.2 
eq 
7 
11 
5 
8 
1 
0.1 
10 ""m/sec) 
(1.23) 
- 13 
- 16 
- 13 
- 19 
- 3 
- 0.3 
Q 
g 350 ym glass beads - water 7-8 7-13 
g 350 ym glass beads - toluene 11-13 11-16 
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wid th of t h e s i e v e f r a c t i o n s . For s m a l l e r p a r t i c l e s , h igh v i s c o s i t y 
l i q u i d s , o r s i n t e r e d porous media , t h e e x p e r i m e n t a l v a l u e s l i e i n 
t h e p r e d i c t e d r a n g e . The e x p e r i m e n t a l k, as de f i ned above , i s no t 
dependent on c l a s s b e h a v i o u r . 
2.2. Properties of the solid surface 
3.3.1. Surface treatment: sand. The b e h a v i o u r of sand i s r a t h e r s t r a i g h t -
forward when compared w i th g l a s s ( see b e l o w ) . A l a b e h a v i o u r i s 
found for t o l u e n e (most expe r imen t s w i th n o n - t r e a t e d s a n d ) , as w e l l 
as fo r wa te r when t h e sand has been s u b j e c t e d t o a h e a t t r e a t m e n t 
a t 250-500 °C. Contaminated sand d i s p l a y s a n o n - l a behav iou r wi th 
w a t e r . 
The c a p i l l a r y r i s e of wa te r was observed in sand r i n s e d w i th 
e i t h e r pure t o l u e n e or a c e t o n e , and d r i e d a t 80°C. When t r e a t e d w i th 
t o l u e n e some sands d i s p l a y I l a , o t h e r s l i b b e h a v i o u r . When t r e a t e d 
w i t h a c e t o n e o r m i x t u r e s of a c e t o n e and t o l u e n e , v a r i o u s k i n d s of 
compl i ca t ed behav iou r a r e observed (see s e c t i o n 5 . 5 . 2 ) . Sand t r e a t e d 
w i th t o l u e n e shows a slow d r a i n a g e of wa te r (cf Fig 2 . 1 1 ) . These 
r e s u l t s s u p p o r t t h e h y p o t h e s i s t h a t l a vs I l a / I I b behav iou r c o r r e -
l a t e s w i t h a d i f f e r e n c e i n the c o n t a c t a n g l e , 6.^ 
3.3.2. Surface treatment: glass beads. A very l a r g e number of e x p e r i -
ments were performed wi th beads of s o d a - g l a s s (p=2.49) and l e a d -
g l a s s ( p=2 .93 ) . Some d e t a i l s of t h e s u r f a c e t r e a t m e n t s t h a t were 
a p p l i e d a r e g iven in Tab le 3 . 2 . On t r e a t m e n t s i n v o l v i n g HF see a l s o 
n e x t s u b - s e c t i o n . There i s no c o r r e l a t i o n between s u r f a c e t r e a t m e n t 
and c l a s s behav iou r as i s c l e a r from Tab les 3 . 3 - 4 . In Table 3.3 
c l a s s i f i c a t i o n s g iven between curved b r a c k e t s a r e based on an 
i n f e r e n c e by ana logy . For t h e l b c l a s s i f i c a t i o n s g iven between 
2. Treatment with reagent toluene or acetone may not seem the most elegant 
way to change G. I t should, however, be noted that (i) There i s no way 
to measure 6 on sand, or, for that matter, on any other part iculate 
material, independent of the problem under discussion. See also section 
3.3.4 . (ii) Sand does not have a smooth surface. Hence, prediction 
of 6 after a specified treatment i s not possible on theoretical 
grounds (would that ever be possible; cf section 4.3). See also section 
V' 3 .3.3. ( i l l ) I t IS of independent in teres t to know that rinsing with 
reagent acetone can change tlie wettabili ty of an oxide surface. 
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square brackets, the saturation gradient was observed vis-
ually only.' 
TABLE 3.2 
Different surface treatments of glass beads 
Surface treatment rinsing drying 
2 - 5 %vol detergent (1 - 24 hr) 
2 - 5 %vol detergent (2 x 1 hr) 
detergent, boiling S-Cr acid (10-60 mm) 
detergent, warm HNO, (30-60 mm) 
detergent, 5% HF (30-90 min) 
detergent, 5% HF (2x30 mm) 
detergent, 65% HF (15 mm) 
vacuum 180°C, water, NaOH/ 
alcohol, water S-Cr acid 
water, acetone 
water, acetone 
water 
water, acetone 
water 
water, acetone 
water, acetone 
water 
water 
water 
water, toluene 
air, 75°C 
vacuum, 50 C 
air, 75°C 
air, 75°C 
vacuum, 50 C 
air, 75°C 
axr, 75''c 
vacuum, 50"c 
air, 75°C 
pure N2 
(99.998%) 
TABLE 3.3 
Class behaviour of glass beads after different surface treatments 
system class la after class lb after 
treatment with treatment With 
class lib after 
treatment with 
soda glass - water (none) 
lead glass - water 
soda glass - toluene (heat), HF 
lead glass - toluene 
(heat) 
[none], [heat], 
[detergent] 
(HNO3) , (HF) 
[detergent], [HF] 
detergent, HNO3 
HF, toluene 
(heat), detergent, S-Cr, 
HNOs, HF, (toluene) 
HF, toluene 
3. One of the reasons that such a large number of experiments were performed 
IS that, chronologically, the experiments with glass beads were performed 
first, while it was tJiought that la/lla behaviour is more natural than lib 
(or lb) behaviour. This also partly explains that we have until now failed 
to observe an explicit lb behaviour. All planned attempts (about 15) to 
discriminate between lb cmd lib behaviour yielded no saturation gradient 
at equilibrium, but from this it should not be concluded that lib behaviour 
occurs more often than lb (cf section 5.4.3). 
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In Table 3.4 data are given for the equilibrium height and the 
driving force at low heights, for capillary rise of toluene in 350 
ym soda-glass beads. Different batches (ie as obtained from dif-
ferent factories or from the same factory at different times) are 
indicated by a, 6, ... From the results it is clear that the un-
known part of the history of the surface is more important than 
the average chemical constitution or the surface treatment.'* 
After experiments with water, and often also with toluene, 
the sodaglass beads were sintered together. Partly for this reason 
experiments were carried out with glass beads of alumina silicate 
(p=2.8) and a borosilicate (Pyrex; p=2.9), because these glasses 
are assumed to be more inert. With toluene the alumina silicate 
displayed lib and the borosilicate la behaviour. 
3.3.3. Roughness of the surface. Surfaces can be geometrically or 
energetically inhomogeneous [340]. Although the notion of roughness 
IS not particularly clear [341,342], the experimental evidence [342-
345] seems to support that for 9 < 90°, 6 decreases with increasing 
roughness, while for 9 > 90° it increases with roughness. Further, 
grooves may be present on a rough surface. Capillary rise may take 
place along these grooves, thus creating a partially wetted surface. 
Both these aspects of roughness might explain Ib/IIb behaviour, 
when this is taken to be the display of an effective contact angle 
decreasing with time. When we assume the liquid having a finite 9 
on Its adsorbed layer or the solid surface, capillary rise in 
grooves would decrease the effective 6. And as to the other case: 
a meniscus might pass through successive metastable states of 
decreasing 9. That is to say, the capillary rise is governed by 
the advancing contact angle at the very beginning of rise. Then, 
the advancing 9 slowly changes in the receding 9. This can be a 
discontinuous process, eg caused by vibrations, or a continuous 
process. (Mechanisms that might cause the latter are discussed in 
the next chapter.) However, the experimental results do not sus-
4. A second reason (cf preceding note) to do such a lot of experiments with 
glass beads is that soda- and lead-glass beads are the only wettable spheres 
available at modest prices and therefore used in many model studies involving 
transport phenomena in porous media. The results presented in Tables 3.3-4 
suggest that glass should be tJie last material to choose for any study to 
which surface phenomena are relevant. But, in fact, there are no clear 
alternatives. 
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TABLE 3.4 
Influence of surface treatiment on capillary rise of toluene in 
350 ym glass beads 
batch treatment and number of equilibrium , i 
experiments performed height (cml clt-K) 
detergent (4) 
soda a heat (8) 
HF (11) 
>5 
>5 
c l a s s l a 
3 . 8 
3.2 - 3.8 
6.3 - 7.4 
detergent (4) 
S-Cr acid (2) 
soda 6 HNO (19) 
HF (5) 
toluene (1) 
3.8 - 4 2.8 - 3.2 
>3.9 2.3 
3.9 - 5.2 2.1 - 2.9 
4.1 - 6 
4.6 2.4 
soda y ™°3 '1' 
HF (6) 
>5.5 
> 5 2.5-4 
scxia 5 HF (1) > 6 3.1 
lead a detergent (10) >5.5 2.6 - 3 3 
lead 6 detergent (2) 
HF (3) 
4.4 - 4.6 2.2 - 2.5 
4.8 - >6.5 2.8 
t a i n a c o r r e l a t i o n between r o u g h n e s s and I b / I I b b e h a v i o u r . Most 
g l a s s beads d i s p l a y l i b (or lb) b e h a v i o u r . Most sands d i s p l a y 
l a / I I a b e h a v i o u r . The same p o l y s t y r e n e y i e l d s d i f f e r e n t b e h a v i o u r 
fo r d i f f e r e n t l i q u i d s . 
E t ch ing of a g l a s s s u r f a c e , e g w i th HF, would d e c r e a s e 9 f o r 
o r g a n i c l i q u i d s [ 3 4 6 ] . Al though two b a t c h e s of s o d a - g l a s s (125 ym 
and 350 ym) d i s p l a y e d l a b e h a v i o u r , when t r e a t e d w i th HF, i t was 
no t p o s s i b l e t o r ep roduce t h i s e f f e c t w i t h o t h e r b a t c h e s . A l l 
f u r t h e r a t t e m p t s , w i t h v a r i o u s t r e a t m e n t p r o c e d u r e s (cf Table 3 . 2 ) , 
t o induce a l a behav iou r f a i l e d . ^ 
When HF treated la glass beads were retreated with detergent or sulfo-chromic 
acid, they lost their la propert ies , now showing l ib behaviour. This i s not 
due to general contamination during handling because la glass beads kept 
m open air and dried up to 120''c did not lose their propert ies. Furthermore, 
when those retreated glass beads were treated for the second time with HF, in 
the same way as originally caused a la behaviour, the l ib behaviour pers is ted. 
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2.4. Presence of displaced phase 
In a normal capillary rise experiment the wetting liquid displaces 
air. The resistance of the air flow is easily shown to be negli-
gible, but the presence of air may have, m principle, several disturb-
ing effects: the entrapment of air might cause an extra resistance 
to flow, the air might interfere with the formation of a saturation 
gradient, and the desorption of air might be a rate determining 
step. However, from the data presented below, it appears that the 
presence of air does not interfere in any significant way with the 
capillary rise phenomena. 
4i I I I I i_ 
10 20 50 100 200 500 
» — t (sec) 
Fig 3 .2 . Cap i l l a ry r i s e of water in 350 ym g l a s s beads (c lass l i b ) . 
Comparison of a measurement a t atmospheric and a t low p r e s s u r e . 
3.4.1. Experiments at low pressure • E x p e r i m e n t s were p e r f o r m e d a t 
a p r e s s u r e e q u a l t o t h e s a t u r a t e d v a p o u r p r e s s u r e of w a t e r p l u s 
t h a t o f t h e w e t t i n g l i q u i d (when n o t w a t e r ) . ' No d i f f e r e n c e was 
f o u n d b e t w e e n t h e r e s u l t s o f e x p e r i m e n t s c a r r i e d o u t m a i r a n d 
a t low p r e s s u r e . I n F i g 3 . 2 , ?; v s t i s g i v e n f o r a l i b s y s t e m and 
6. Experiments with organic l i q u i d s in the absence of water have not been p e r -
formed. To obta in r e l i a b l e r e s u l t s for such systems, from which water mol-
ecu les are absen t , the experimental problems a re enormous. Given the i n t e r -
p r e t a t i o n offered m chap te r s 4 and 5 , w a t e r - f r e e inorgan ic sur faces a r e 
expected t o y i e l d a la behaviour with organic l i q u i d s . 
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Fig 3.3. Capillary r i se of toluene in 360 ym sand (class l a ) . 
Comparison of a measurement at atmospheric and at low pressure. 
i n F i g 3.3 for a l a sys tem. In some c a s e s l i b sys tems tended t o 
r i s e more r a p i d l y a t low p r e s s u r e , bu t w i t h o u t l o s i n g t h e i r l i b 
b e h a v i o u r . 
3.4.2. Air entrapment. Ai r en t rapment i s an o f t e n invoked ad hoc 
h y p o t h e s i s , a l t h o u g h r e p o r t s t h a t i t s c a r c e l y i n f l u e n c e s c a p i l l a r y 
l i q u i d t r a n s p o r t e x i s t [ 3 5 5 ] . From t h e d a t a for k, g iven in Table 
3 . 1 , I t fo l lows t h a t t h e a i r en t rapment does no t cause a n o t i c e a b l e 
e x t r a r e s i s t a n c e . Because , f u r t h e r m o r e , no s i g n i f i c a n t d i f f e r e n c e 
was found between e x p e r i m e n t s in a i r and a t low p r e s s u r e , no 
a t t e m p t was made t o d e t e r m i n e the q u a n t i t y of a i r en t rapment ve ry 
a c c u r a t e l y . A f t e r c a p i l l a r y r i s e or i n f i l t r a t i o n , a i r en t rapment 
was found to be in the range of 5-12 % po re space volume. For p r a c -
t i c a l r ea sons i t i s t h e remain ing 88-95 % t h a t i s d e f i n e d a s 
u=100%. There were no i n d i c a t i o n s t h a t t h e amount of a i r en t r apmen t 
IS a func t ion of t h e h e i g h t . ' See on a i r en t rapment a l s o s e c t i o n 
3 . 6 . 
7. As to a possible relation between air entrapment and the presence or absence 
of a saturation gradient, i t should further be noted that the entrapped 
a i r IS surrounded by an isolated meniscus, which is not connected to the 
meniscus at the liquid front (no matter whether the la t te r displays a 
saturation gradient or not) . 
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2.4.3. Continuity in the partly saturated region. For la systems the 
sa tu ra t ion gradient develops so rapid ly t h a t we may assume the 
l iqu id phase to be continuous. With regard to the cont inu i ty of 
the a i r phase, experiments were ca r r i ed out in which a sa tu ra t ion 
g rad ien t , being a t equi l ibr ium, i s displaced by ra i s ing the level 
of the free l iqu id surface. An example i s given in Fig 3 .4 , in 
which case the free l iqu id surface was ra i sed 2.5 cm. The sa tu ra t ion 
gradient i s reproduced very wel l , except t h a t there i s 10% a i r 
entrapment in the region of complete s a t u r a t i o n . This (extra) a i r 
entrapment i s due to the fact t ha t the moment the free l iquid 
l eve l IS ra i sed the l iqu id in the ex i s t i ng gradient s t a r t s moving 
a t a l l he igh ts ; t h i s w i l l cause random enclosures of a i r . 
A discontinuous a i r phase has to be present in the form of 
bubbles la rger than the narrowest passages in the packing. In 
p a r t i c u l a r when 9=0, they cannot leave the packing in any i n t e l l i -
g ib le way (except for the , very slow, d i f fus ion via the l iquid 
phase) . We may therefore conclude tha t the a i r phase in the region 
of the sa tu ra t ion gradient i s continuous. 
2.5. Secondary transport phenomena of the wetting phase 
3.5.1. Evaporation. Liquid wi l l evaporate from the r i s ing meniscus to 
the atmosphere (because the experiments are not performed m a 
sa tura ted atmosphere). This implies tha t the e q u i l i b r i a reported 
for l i b systems (cf Table 2.3) are not t rue e q u i l i b r i a . But, of 
course, evaporation cannot explain why the d i f fe ren t c l asses of 
behaviour e x i s t . ^ 
8. If we assume p -p a t the l i q u i d f ront and p =0 a t the top of the porous 
medium, c a l c u l a t i o n shows t h a t for water as wel l as toluene the evapora t ion , 
expressed in terms of the v e l o c i t y of the r i s i n g f r o n t , i s of the order of 
0.5 mm/day. Although for c l a s s l i b much lower r i s e v e l o c i t i e s a re observed 
before equ i l ib r ium i s reached, we may assume t h a t a l s o in l i b systems the 
l i q u i d i s t r a n s p o r t e d t o the l i qu id f ron t by means of a h y d r o s t a t i c p r e s s -
ure d i f f e r e n c e . For d - 300 ym the p r e s su re d i f f e r e n c e to supply the 
evapora t ing l i q u i d i s of the order of 1 ym l i q u i d h e i g h t . Because t h i s 
p r e s s u r e d i f f e r ence i s much smaller than the p a r t i c l e s ize i t i s h ighly 
improbable t h a t the evaporat ion f lux from the meniscus surface i n t e r f e r e s 
with any mechanism t h a t might expla in l i b behaviour . See for evapora t ion 
from adsorbed f i lms s ec t i on 4 . 8 . 5 . 
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Fig 3.4. Saturation gradient after capillary rise of toluene m 350 ym 
glass beads (class la). The same after raising tJie free liquid 
surface 2.5 cm. 
A small number of experiments were performed with lib systems 
m an atmosphere almost saturated with the wetting liquid. Before 
the experiment was started the porous medium was kept in this 
atmosphere for a few days. No difference in behaviour was observed. 
2.5.2. Capillary condensation. In the preceding considerations it 
was assumed that the capillary rise m a porous medium reaches 
(hydrodynamic) equilibrium by transport of the (bulk) liquid phase 
alone. If we consider thermodynamic equilibrium capillary conden-
sation has to be taken into account. 
Above a wetting front in a porous medium, capillary conden-
sation will occur at the contact-points of the particles, thus 
forming pendular rings. It is possible that the pendular rings 
formed just above the continuous meniscus (of the bulk liquid 
front) make contact with the latter. This might cause a more 
favourable curvature for the continuous meniscus, which then rises 
about one particle diameter, after which the process repeats it-
self. The possibility of this mechanism was first proposed by 
Smith in 1933 [193]. Such a mechanism might explain the formation 
of a saturation gradient m case hydrodynamic capillary rise would 
yield no gradient. The formation of a la saturation gradient, 
however, takes place too rapidly to be ascribed to vapour transfer 
to pendular rings. 
Capillary condensation seems more probable for the explanation 
of Ib/IIb behaviour. It explains that the rise velocity decreases 
strongly with the height: the higher the front rises, the larger 
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the pendular rings have to be to make contact with the continuous 
meniscus. On the other hand, if this hypothesis is true, the 
existence of class la and, in particular, class Ila is difficult 
to under s tand. 
From analyses of the above mechanism [216,347], though based 
on uncorrect assumptions regarding the curvature of the continuous 
meniscus, it appears that the assumption of thermodynamic equilib-
rium would, indeed, predict a lib (or more probably lb) behaviour. 
The kinetics of this mechanism are difficult to evaluate. Capillary 
condensation in pendular rings just above the continuous meniscus 
IS only possible as long as the curvature of the rings is lower 
than that of the continuous meniscus. If we assume that the air is 
saturated with the liquid vapour, calculation shows that the dif-
fusion flux from the continuous meniscus to the pendular rings 
(being on a distance of about 0.03-0.3 d and extending from the 
contact point also 0.03-0.3 d) could well have the right order of 
magnitude to account for a lib behaviour. However, because the 
experiments are not carried out in a saturated atmosphere, the 
vapour pressure on the place of the necessary pendular rings is 
already significantly lower. Typical calculations then give a 
maximum extension from the contact point of 0.02<i, which, being an 
upper boundary, seems much too low to help forward the continuous 
meniscus. Moreover, experiments with water containing 1 mol salinity 
did not show a behaviour different from that for double distilled 
water. If we may assume that the water condensed in pendular rings is 
virtually free from salinity this excludes significant capillary 
condensation. 
The above more theoretical considerations, together with the 
existence of class lib and Ila for the same systems under identical 
conditions, lead to the conclusion that, according to the classical 
theory, capillary condensation has no influence on class behaviour. 
3.5.3. Condensation of anomalous liquids. There is an extensive 
literature on the properties of so-called anomalous water (and 
other liquids containing OH-groups), sometimes present in the 
neighbourhood of polar surfaces. See for ample references [103, 
104]. Even older are the reported deviations from the Kelvin 
equation, eq (1.12), recently reported again [348] for toluene in 
glass capillaries, in which case the existence of anomalous toluene 
has been hypothesized. The evidence for the hypothesis that at 
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least part of these anomalous phenomena can be ascribed to very 
high concentrations in the liquid of material from the solid sur-
face or other sources, is becoming more and more convincing [349-
351]. This would explain, inter alia, the reported condensation at 
vapour pressures much below saturation (eg [352,353]). If the 
latter takes place above the wetting liquid front the arguments 
against capillary condensation, given in the preceding sub-section, 
have to be abandoned. Moreover, the systems that display lib 
behaviour are more or less comparable to those for which anomalous 
condensation has been observed. 
Because anomalous condensation of water and toluene m glass 
or quartz capillaries has been reported most often, experiments 
were performed to test this hypothesis with respect to our porous 
media. A small sintered porous medium of 150 ym glass beads was 
placed in a saturated atmosphere at constant temperature.' The 
kinetics of capillary condensation yielded the correct order of 
magnitude, assuming a driving force obtained by means of the Kelvin 
equation. We therefore conclude that anomalous condensation is not 
the explanation for the occurrence of class lib.'° 
3.6. Experiments with counter-pressure 
For lib systems experiments were carried out in which the gas press-
ure above the meniscus front and above the free liquid surface is 
not equal, from a moment just after the commencement of capillary 
rise (t =: 2 sec). At t < 0 air is flowing through the porous medium. 
There were no indications that this complicated situation around 
t=0 has any influence on the results for t > 5 sec. For capillary 
rise under these conditions eq (1.33) transforms to 
^di = h^K-^-^^ 
where AP IS t h e c o u n t e r - p r e s s u r e , l e t h e p r e s s u r e d i f f e r e n c e as d e -
s c r i b e d above. 
9. More important than the constant temperature i s the absence of temperature 
gradients The l a t t e r were estimated to be below 0.002 K/cm. 
10. The experiments were performed by Mr P.C. Steyne. Many special provisions 
are necessary to obtain re l iab le r e su l t s . The de ta i l s of the experimental 
procedure and otJier connected resul ts (amongst these a probable solution 
to the reported [4,354] anomalous phenomenon that saturated macroporous 
media lose liquid m a saturated atunosphere) wil l be reported elsewhere 
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TABLE 3.5 
Comparison of experiments with and without counterpressure (experiments 
3zc2e; capillary rise of water in 350 ym glass beads) 
without counterpressure 
h (cm) k {10~ m / s e c ) 
w i t h c o u n t e r p r e s s u r e 
K 
1 
7 
7 
8 
10 
10 
11 
(cm) 
8 
5 
6 
9 
3 
7 
k d o " " m / s e c ) AP (cm! 
7 . 3 
8 . 7 
9 . 1 
7 . 6 
i.l 
0 . 7 6 
0 . 1 1 
1.9 
1.5 
1.1 
0 .27 
0.08 
0.04 
0.012 
2 
3 
4 
3 
6 . 5 
4 
7 . 4 
In Table 3.5 an example is given of the results m a normal 
experiment and the results at different counter-pressures. This 
comparison is made by taking the slope of the dh/dt vs 1/h curve 
at different points and to characterize it by an apparent k 
and an apparent h . As can be seen, the capillary rise behaviour 
does not depend on the length of porous medium filled with liquid, 
h, but solely on the pressure difference between the two liquid 
levels, h -hP-h. From this it follows that the mechanism respon-
sible for lib behaviour is only dependent on the situation m the 
direct surroundings of the three-phase line and not on the previous 
history of the capillary rise, the situation in the saturated part 
of the porous medium (which excludes the influence of air entrap-
ment) , or unknown transport phenomena taking place over long dis-
tances (e g long distance diffusion of solutes in the liquid). 
3.7. Conclusions 
The experimental data presented in this chapter lead to the fol-
lowing conclusions, which are mostly to the effect that there is no 
empirical correlation between class behaviour and some other 
variable. 
(i) There is no correlation between class behaviour and the 
properties of the porespace geometry; m particular the following 
parameters and potential disturbing factors do not influence class 
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behaviour: particle size, sieve fraction, porosity distribution of 
the packing, disturbance of the packing at the wall, disturbance 
of the packing by the wetting process, influence of the supporting 
filter. 
(ii) Both capillary rise and non-capillary liquid transport in 
porous media follow the Kozeny equation, eq (1.23). 
(ill) There is a correlation between class behaviour and 
surface treatment for the system sand-water. This suggests the 
hypothesis that a saturation gradient is observed when the contact 
angle is zero or almost zero and that no saturation gradient is 
observed when the contact angle is above some critical value. 
(iv) For soda- and lead-glass beads there is no correlation 
between class behaviour and surface treatment. In particular there 
IS no correlation between class behaviour and etching of the sur-
face. 
(v) There is no correlation between class behaviour and 
phenomena involving the presence of the displaced phase (air). When 
a saturation gradient is present both the liquid and the displaced 
phase are continuous. 
(vi) Evaporation of the wetting liquid may cause an apparent 
equilibrium for systems that reach equilibrium relatively slow, 
but It does not interfere with class behaviour. 
(vii) Class behaviour cannot be explained with reference to 
capillary condensation of either normal or anomalous liquid. 
(viii) The mechanism responsible for the occurrence of relative-
ly slow capillary rise is dependent only on the situation in the 
direct surroundings of the three-phase line. 

CHAPTER 4 
CONTACT ANGLE AND CAPILLARY RISE 
4.1. Introduction 
This chapter and the next treat the relation between the mechanism 
of capillary rise and the contact angle. There are two hypotheses: 
(i) A wide saturation gradient at equilibrium after capillary 
rise, as observed for class la, corresponds to a contact angle of 
about zero. The absence of a saturation gradient, as observed for 
class Ila and lib, corresponds to a contact angle larger than some 
critical value.' 
(ii) The relatively slow capillary rise, aa observed for class 
lib (and lb), is caused by the fact that the contact angle decreases 
during capillary rise. 
The first part of the present chapter is devoted to the possi-
bility of a priori estimation of the contact angle. Partly because 
the contact angle cannot often be determined experimentally. Partly 
because some systems apparently display a contact angle larger than 
zero in cases for which this would not be expected (e g glass-hexane) 
The interpretation of hypothesis (i) is the subject of chapter 
5. Possible mechanisms that might explain hypothesis (ii) are dis-
cussed in the second part of the present chapter. 
4.2. Contact angle of Ila and lib systems: Introduction 
4.2.1. General remarks. If it is assumed that the porespace configura-
tion and the surface tension,y , are the same, any difference in 
class behaviour has to be ascribed to a difference in 9. We have 
noted in chapter 2 that the equilibrium heights of systems that 
come under both class la and Ila or lib, are always higher for the 
la case. Further, m section 3.3.1, we have noted that the combina-
tion sand-water changes its la into Ila or lib behaviour when the 
sand IS deliberately contaminated. On this basis it seems reasonable 
to suppose that for class la, 8=0, and that for classes Ila/Ilb, 9 
IS above some critical value. It is, however, not an easy matter 
to prove this hypothesis because there is no method to determine the 
1. See sections 1 9.1 and 2.3 for the meaning of "saturation gradient". 
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contact angle of particles independent of the subject under investi-
gation. 
Secondly, many systems display Ila or lib behaviour, while it 
IS not at all clear why they should have 9 > 0. In this section some 
basic equations and concepts are introduced. In the next section 
indirect methods to calculate 9 are discussed. This knowledge is 
then applied to the principal systems studied in sections 4.4-6. 
4.2.2. The Young-Dupre equation. When Y^„, y„.,, Ycr ' ^'^^ ^a ^^^ ^^^ 
surface tensions for the interfaces liquid-vapour, solid-vapour, 
solid-liquid, and solid-vacuum, respectively, and u is the film 
pressure (in Gibbs' terminology the superficial surface tension) 
we have: 
(4.1) 
(4.2a) 
(4.2b) 
(4.3) 
There is some controversy as to the validity of eq (4.1), in which 
we will not enter [R361]. It is, however, of importance to note that 
Y IS, in general, not equal to the surface free energy [362,363]. 
4.2.3. The Gibbs equation. For a system at equilibrium consisting 
of an inert solid phase and a one component vapour, which adsorbs 
on the solid surface, Gibbs' adsorption equation can be written as 
[cf [364], eq (5.39)]: 
(g7)^=-r (4.4) 
where r is the surface concentration (mol/cm^) and y' is the 
chemical potential per mol. This provides the possibility of 
calculating TT from a measured adsorption isotherm [365] : 
r 
(4.5) 
o 
It should be noted that the integration is not straightforward 
because of the uncertainty in the region r=:0 [366]. 
YLV '^ "^ ^ = ^sv -
'^ sv -
'^SL^ 
^S ' ^sv 
^S - ^SL 
^LV ^°^^ = ^SL -
^SL 
'^SV 
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4.2.4. The disjoining pressure. This concept has been introduced 
by Deryagin [R104,R367]. Its status is not altogether clear [76]. 
We will define the disjoining pressure in terms of the chemical 
potential per unit volume of adsorbed film, y. With I the thick-
ness of the film (defined for molecular as well as for thick 
films) eq (3.3) can be written as: 
(|I), = -^  (4.6) 
Using the boundary condition 
» - " Y3^ (^ ) - Yg^ + Y^ V (4.7) 
integration of eq (4.6) yields [368]: 
s^v'^ ) = ^ S L ^ Y L V \ ^ 'M""- (4-8) 
The disjoining pressure, p , can then be defined as 
Pd^^i (4.9) 
The reason to introduce the concept of a pressure is (i) the analogy 
with the capillary pressure, p , both obeying a Kelvin equation, and 
(ii) the mechanical model for the stability of thick films, seen 
as a disjoining pressure counterbalancing the hydrostatic forces 
tending to diminish the filmthickness. 
The more basic parameter y is a complicated function of J?.. It 
contains contributions of (i) van der Waals forces, (ii) specific 
long-range interactions, such as caused by structured multilayers, 
and (ill) electrostatic repulsion in electric double layers. The 
film is thermodynamically stable if 
(|x)y > 0 (4.10) 
If p is positive for all i , we have a duplex film and 9=0 for all 
values of S,. If 9 < 0 there is a region of unstable film thicknesses, 
for which p, is negative. This implies that 
y(«.) = ^  InQ (4.11) 
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stating the equilibrium between the film and the vapour phase, is 
satisfied by more than one value of l for some Q [368] {Q = Pv^Ps'' 
4.3. Indirect methods of calculating 9 
4.3.1. Critical surface tension. Zisman introduced (i) the distinction 
between low- and high-energy surfaces, for pure solids corresponding 
to low- and high-melting solids, and (ii) the critical surface 
tension, Y » as a characterizing parameter of low energy surfaces 
[R369,R370]. It appears that for low-energy solids (such as poly-
styrene) there exists a linear relationship between cos9 and Y 
for members of a homologous series. The intersection of this line 
and cos9 = 1 is Y • Hence, with b a constant, 
cos9 = 1 + fc(Y^ - YLV' YLV " ^a 
cos9 =1 YLV -^  ^c 
(4.12) 
Moreover, it appears that different homologous series yield about 
the same y and b. Therefore it was proposed to consider Y as an 
empirical parameter characterizing the surface. For polystyrene 
Y^=33 [371]. (All values for surface tensions and film pressures 
given m this chapter are in dynes/cm.) This method gives the 
possibility of estimating 9 for a liquid on a low-energy surface 
when some values of 9 for other liquids on the same surface are 
known. 
4.2.2. Calculation from the work of adhesion. Eq (4.2) can be rewritten 
as 
''sv '^A 
cose = 1 - -sy- + — 2 . (4.13) 
where W , the work of adhesion, is given by 
•^A = YL + Y3 - Ysi^  (4.14) 
The work of adhesion contains various kinds of interactions: van 
der Waals, H-bonding, ir-bondmg, electric double layers. Good and 
Girifalco suggested [372,373]: 
''A ' ^ -J-AgYL (4.15) 
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There is, however, some controversy about the meaning of the term $ 
[374,375] and we still need the values of * and YO for a calculation 
of 9, assuming that y and TT pose no problems. 
In case only dispersion forces act, Fowkes [376,3771 obtained 
(summing the dispersion energies between the atoms on the basis of 
London's theory): 
<-^f\ (4.16) 
where the superscripts d indicate the contribution of the dispersion 
forces to the parameter concerned and hence 
K; ,'d d 
''SV I^ S^ "^L 
cos9 = - 1 - -2^ + 2 — 2 — ^ (4.17) 
^LV ^L 
Values of 'n , y , y , and y can, in principle, be measured or 
calculated from first principles [377-379]. Some values, relevant 
to the systems studied here, are given in Table 4.1. However, eq 
(4.17) is only valid when there are no adsorbed films (ie tr = 0) 
[375,380]. More strict derivations, in terms of Hamaker constants, 
have been given [368,380], but this approach as yet does not give 
a possibility of a priori calculation of 9 for a certain system. It 
is, however, of importance that these derivations [related to the 
specification of the function y(ll)] have shown that finite values 
of 9 are possible for a bulk liquid on its own adsorbed film, also 
in the case that only dispersion forces operate [368,380,381]. It 
may be noted that there is nothing strange to a liquid having a 
TABLE 4.1 
Some values of the vanderWaals contribution to the 
solid surface tension 
system 
polystyrene 
copper-hep taine 
silica-heptane 
silica-water 
hydrated silica 
< 
44 
60 
78 
123 
22-30 
^^ L 
20 
20 
22 
reference 
[378] 
[458] 
[451] 
[378,4591 
[377] 
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finite 9 and IT„„. Physically the molecules m the film may have a 
solid phase induced orientation, which gives the film a structure 
strongly different from the bulk liquid. 
4.3.3. Calculation from adsorption isotherms. When 9 > 0 the bulk 
liquid coexists with an adsorbed film of finite thickness. This im-
plies that the adsorption isotherm intersects the Q=l axis one or 
more times. This was probably realized for the first time by 
Freundlich in 1922 [382]. 
Combination of eqs (4.1), (4.8), and (4.11) gives 
GO 
Y (cos9 - 1) = kT I r ddnp ) (4.18) 
r=ro 
where To is the lowest surface concentration for Q=l. (Eq (4.18) 
can also be obtained from eq (4.4) using the appropriate boundary 
conditions.) Adamson [383] discusses the possibility of making 
reasonable assumptions regarding the mathematical form of Y {Q), or, 
what IS m fact the same, \i{l) . Although one may dispute the relia-
bility of applying parameters, obtained by curve-fitting over the 
region Q=Q.% to Q=0.98, to the region r=ro to r=<», the application 
of eq (4.18) to availbale data gives the right order of magnitude 
for Y,„(cos9 - 1). Hence, it would be possible to calculate 9 from 
measured adsorption isotherms. 
4.4. Contact angles on polystyrene. 
In Table 4.2 values of 9 are given for several C-H low-energy sur-
faces and different organic liquids. The data given for polyethene 
support the view that for low-energy surfaces reproducible values 
of 9 are found, which is, in general, not the case for high-energy 
surfaces. 
In Table 4.3 some results are given of the experiments 
performed with polystyrene spheres. To compare the data, we 
introduce the parameter A (cf section 5.1.2), 
4Y 
A = - ^ (4.19) 
pghd 
The estimated values for 9 are obtained from eq (4.12) and by 
interpolation on the continuous curve of cos9 vs Y ., / both cor 
structed from the data for polystyrene in Table 4.2. Although 
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TABLE 4 .2 
Contact angles on polymer su r faces 
liquid 
water 
glycerol 
formamide 
glycol 
methylene iodide 
a-bromonaphtalene 
benzene/toluene 
octane/hexane 
, ^ f L 
^LV 
73 
63 
58 
48 
51 
45 
28 
18-22 
Class behaviour and 
liquid 
water 
formamide 
methylene iodide 
a-bromonapht 
glycol 
nitromethane 
acetonitril 
ethanol 
heptane 
alene 
polystyrene 
[371,384] 
91 
80 
74 
35 
15 
contact angle, 9 
polyethene polyethene naphtalene, 
[385] [387] anthracene [386] 
TABLE 4.3 
contact 
\v 
73 
58 
51 
45 
48 
37 
29 
23 
20 
94 
79 
77 
52 
35 
<5 
0 
94 
77 
61 
34 
angle for polystyrene (Y 
9 
91 
74 
35 
15 
25-50 
10-25 
0 
0 
0 
A 
94 
79 
73 
63 
= 33) 
class 
no capillary rise 
no capillary rise 
pstyr disso 
pstyr dissc 
3.1 
2.1 
0.5-0.6 
0.4-0.6 
0.4-0.6 
Ives 
Ives 
Ila 
lib 
lb 
la 
la 
t h e r e i s , of c o u r s e , some doubt as t o t h e e s t i m a t e s of 9, t h e 
c o r r e l a t i o n between 6 and A i s so good t h a t i t seems c e r t a i n t h a t 
l a / I b behav iou r c o r r e s p o n d s t o 9=0 and I l a / I I b b e h a v i o u r t o 
9 > 10-25 d e g r e e s . ^ From'Table 4 .3 i t can f u r t h e r be conc luded 
2. Both methylene iodide and a-bromonaphtalene dissolve the polystyrene to an 
extent that no rel iable data can be obtained. The data for ace ton i t r i l are 
uncertain because i t slowly dissolves the polystyrene, thus blocking any 
further capil lary r i s e . The data given are based on an experiment in which 
there is a layer of s i l icagel below the polystyrene packing. 
\ 
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that there is no capillary rise when 9 is above some value between 
50° and 70°.' 
4.5. Contact angle glass-water 
For a long time it has been known that water on glass, in general, 
shows a finite 9 [176,193,357,389-392]. (In this and the next 
sections it is always the advancing contact angle that is dis-
cussed. ) To explain this there are roughly two possibilities: 
contamination of the surface or an aggregated adsorbed phase. 
Certainly contamination cannot be excluded. It is virtually imposs-
ible to obtain water that is free of impurities of some sort [393], 
the atmosphere is contaminated with oil, and severe cleaning methods 
seem to result more often than not in higher, less reproducible, 
contact angles [389]. There are, however, several reasons that 
make the contamination hypothesis improbable, when reasonable 
precautions are taken to avoid contaminations. 
(i) We find e>0 for untreated sand and water (ie class lib). 
Sand, yielding 9=0 for water, gives e>0 after rinsing with reagent 
toluene or acetone. Hence the surface is easily contaminated. 
However, when the sand is heated at 600°C, it yields 9=0 with nor-
mally distilled water, whereas no special precautions are taken 
to exclude contact between the sand and atmospheric air. Again, 
the cases in which 9=0 has been reported for glass-water do not 
seem to be more careful experiments than those in which 9?^ 0. There-
fore, to explain that some glasses never yield 9=0 by referring to 
contamination, one has to invoke the ad hoc hypothesis that some 
glasses are more sensitive to contamination than others. 
(ii) In all cases in which a finite advancing contact angle 
IS reported for capillary rise in cylinders, the receding contact 
angle is zero. One may wonder why, in case it is assumed that the 
(hydrated) glass is contaminated easily, this does not happen to 
the liquid-vapour interface. 
(ill) It is an often reported fact that, in general, heating 
of glass or silica results m an increase in 9, while boiling in 
water yields a decrease in 9 [176,357,395]. (However, exceptions 
3. Cf section 5.5.3. This value should be distinguished from the value of 9=73° 
reported for the wetting cycle in a suction experiment [388], because in the 
latter case pendular rings are present in the porous medium. 
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e x i s t [ 3 9 2 , 3 9 6 ] . ) The suppo r t ed e x p l a n a t i o n s fo r such phenomena, 
i n v o k i n g d e s t r u c t i o n and fo rmat ion of a s i l i c a g e l s u r f a c e l a y e r o r 
i r r e v e r s i b l e d e h y d r a t i o n phenomena [ 3 9 2 , 3 9 5 , 3 9 6 , 4 8 3 ] , t h e i r 
c o n s i s t e n c y w i t h d i f f e r e n t p r e - t r e a t m e n t p r o c e d u r e s , and t h e 
r e p r o d u c i b i l i t y of s u r f a c e s y i e l d i n g a c e r t a i n 9, seem t o exc lude 
c o n t a m i n a t i o n . 
(iv) F i n i t e 9 ' s fo r wa te r on g l a s s have been obse rved , and 
a s c r i b e d to c o n t a m i n a t i o n , i n sys tems m which extreme c a r e had 
been taken t o p r e v e n t c o n t a m i n a t i o n [ 3 9 7 ] . This might seem t o 
oppose the a b o v e , bu t t h e argument may as w e l l be r e v e r s e d . 
Now, as t o t h e p o s s i b i l i t y of a non-duplex f i lm of wa te r on 
g l a s s , t he r e i s r a t h e r s t r o n g , though not c o n c l u s i v e , ev idence t h a t 
w a t e r can form a m u l t i l a y e r f i lm on g l a s s o r s i l i c a , and t h i s f i lm 
has o t h e r p r o p e r t i e s than w a t e r . This agg rega t ed phase ( D e r y a g i n ' s 
a -phase ) d i s p l a y s a f i n i t e 9 t o l i q u i d wa te r and can be compared 
in t h i s r e s p e c t w i t h i c e , which a l s o shows a f i n i t e 9 t o w a t e r 
[R398] . Expe r imen ta l ev idence for t h e e x i s t e n c e of t h i s phase can 
be found in [399 -401 ,R402] . The t h i c k n e s s of t h e f i lm would be 
a b o u t 60 A and t h e d i f f e r e n c e i s c o n t r i b u t e d t o a d i f f e r e n c e in 
t h e va lue of t h e long range i n t e r a c t i o n f o r c e s (cf s e c t i o n 4 .2 .4 ) . "* 
We t h e r e f o r e c o n c l u d e t h a t t h e f i n i t e 6 for the l i b sys tem g l a s s 
beads - water i s no t due t o c o n t a m i n a t i o n , but has t o be a s c r i b e d 
t o t h e p r e s e n c e of an a g g r e g a t e d adsorbed f i lm . 
4.6. Contact angle glass-toluene/hexane 
4.6.1. Introduction. In r e l a t i o n t o gas chromatography, t h e poor 
w e t t a b i l i t y of o r g a n i c l i q u i d s on g l a s s s u r f a c e s has been r e c o g n i z e d 
fo r many y e a r s [ 3 4 6 , 4 1 2 ] , though no t for l i q u i d p a r a f f i n s , and i t 
IS t h e r e f o r e p o s s i b l e t h a t t h e main cause i s a u t o p h o b i c i t y (see 
b e l o w ) . Glass i s c o n s i d e r e d t o be a h i g h - e n e r g y s u r f a c e . The re fo re 
4. These aggregated f i lms should be d i s t i ngu i shed from tjie s t a b l e th ick fi lms 
(500-2000 A) of p o l a r l i q u i d s above a d ra in ing meniscus in a g l a s s or 
q u a r t z c a p i l l a r y [R367,R381,403,404]. These fi lms are not formed from the 
vapour phase [405] There i s no agreement as to whether they occur only for 
9=0 [406-409]. Above these th ick films the above mentioned aggregated f i lms 
would be p r e s e n t [411] . I t i s a po in t of d i scuss ion whether the th ick fi lms 
a re due to su r f ace t ens ion g rad i en t s [367] ( i e Marangoni films) or s t a b i l -
ized by an e l e c t r i c double layer [381,397] 
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one would not expect that liquids such as toluene and hexane display 
a finite 9 on glass. Nevertheless, most experiments with these 
liquids and glass belong to class lib. 
In what follows we mainly confine ourselves to hexane and tolu-
ene and we subsequently discuss: (i) the Y of hydrated glass, (ii) 
autophobicity, (iii) impurities, (iv) calculation of 9 using eq 
(4.17), and (v) arguments for the existence of a non-duplex film. 
4.6.2. Critical surface tension of glass. The physically adsorbed 
water on glass (2-20 monolayers) decreases the surface tension of 
the solid phase. It is therefore possible that the surface is a 
low-energy surface for non-polar liquids. In that case it is possible 
to apply the Y- approach (cf section 4.3.1). In Table 4.4 the data 
reported for the Y of glass are given. Although there is a large 
scatter and not all necessary information is available, we may note: 
(i) There is a significant influence of the cleaning procedure, (ii) 
For pyrex-toluene we have always found a la behaviour (Y „ = 28) . 
(iii) The reported values of Y are too high to expect a finite 9, 
in particular not for hexane (Y = 18) . 
LV 
TTffiLE 4.4 
Cr i t ica l surface tension for hydrated glass surfaces 
g l a s s 
-> 
soda (?) 
soda (?) 
7 
pyrex 
pyrex 
t rea tment 
? 
not modified 
ac id 
o 
acetone 
S-Cr ac id 
Yc 
30 
19-28 
40-44 
30-40 
2 8 
44 
reference 
[413] 
[414] 
[414] 
[415] 
[416] 
[416] 
°^^'f 4.6.2. Autophobic liquids. This concept, which also stems from 
li'"!'^' zisman [396,417], refers to the fact that polar organic liquids 
• " ^ can give an oriented monolayer on a high-energy surface. This 
utnonolayer has a Y smaller that the Y,„ of the liquid; thus a 
finite 9 is observed. Aliphatic alcohols (from C, onwards) are 
typical examples [366,399,410], but i t can be expected that all 
molecules containing a long aliphatic chain and a polar end-group 
will be autophobic on high-energy surface. 
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4.8.4. Impurities. Small concentrations (< 0.1 ppm) of, eg , ali-
phatic amines or monocarboxylic acids present in organic liquids 
will adsorb on high-energy surfaces and will show a low-energy 
surface to the wetting liquid [417,418]. However, from the exten-
sive studies of Zisman it follows that all low-energy surfaces, 
except fluorinated compounds, have Y > 22 [R370] and yield 9=0 
for hydrocarbons below nonane [419,420]. The possibility that the 
reagent toluene we used contains an impurity causing Y < 28 is not 
to be excluded. On the other hand, there was observed no difference 
in the lib (and la) behaviour of glass-toluene and glass-hexane.^ 
Furthermore, the experiments with toluene and hexane were 
reproducible for the same batch of glass and different batches of 
liquid (in the case of toluene: different suppliers). These two 
points, together with the fact that the presence of fluorinated 
contaminants is improbable, leads to the conclusion that it is not 
very plausible that the lib behaviour for glass-toluene and glass-
hexane is caused by impurities. 
4.6.5. Calculation of Q. If we assume that for glass-hexane only 
dispersion forces are present, we can apply eq (4.17). Assuming for 
the moment ir =0, we have 
= -1 + 2 » — cose ' " (4.19) 
For hexane YT=Y,=18 and hence a finite 9 is predicted when y < 18.^ 
For silica, y has been reported to be 76, but for one monolayer of 
water this already decreases to 26.5, and with three monolayers to : 
d * 
22, to be compared with YT=21.8 for liquid water [377]. (There is 
evidence that 9 increases with water adsorption on silica [422].) 
These values are not beyond doubt. For example, other calculations 
[380] yield for water a Y, between 17.4 and 21.4. Nevertheless, on 
5. The hexane used is chromatographically pure for more than 99.5 %, and it 
•-4-
seems improbable that it contains polar compounds (other tlian water) . -^  
Polar traces in reagent alkanes, even after seeping through adsorption 
columns, have been reported [421], but these impurities may well have come 
from other sources. .,%•>'''; 
6. This, incidentally, shows that Yo=Y , when Tr„=0 and Y, =YT "^"^  throws some 
S C SV L L 
doubt upon both eq (4.12) and (4.17). ;"; i^  ^  
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the basis of eq (4.19) we should expect 9=0 for hexane on hydrated 
glass.^ 
4.6,6, Non-duplex films. The calculation in the preceding sub-
section are restricted to TT =0. There is a lot of confusion about 
sv 
t h e q u e s t i o n whether t h e v a l u e of TT I S s i g n i f i c a n t f o r systems 
t h a t show a f i n i t e c o n t a c t a n g l e ^ , b u t t h e e v i d e n c e for t h e c o n t e n -
t i o n t h a t TT >> 1 seems t o be growing r a p i d l y . I t i s no t u n t i l 
q u i t e r e c e n t l y t h a t i t has been r e a l i z e d t h a t t h e r e i s no a p r i o r i 
c o n n e c t i o n between 9 and TT [ 1 0 6 , 3 6 6 , 3 8 3 , 4 2 6 ] . We propose t h a t 
t h e r e i s enough e v i d e n c e , now, t o suppose t h a t hydrocarbons can 
d i s p l a y s i g n i f i c a n t f i l m p r e s s u r e s and c o n t a c t a n g l e s on h y d r a t e d 
s u r f a c e s : 
( i ) Long ago [399 ,427 ,430] i t was a l r e a d y observed t h a t many 
o r g a n i c l i q u i d s , i n t e r a l i a hexane , benzene , and g l y c o l , do no t 
sp read on mica in a i r ( g l a s s behav ing s i m i l a r b u t l e s s r e p r o d u c i b l e ) . 
( i i ) Using t h e d a t a of [ 4 0 0 ] , and eq ( 4 . 1 8 ) , Adamson [383,428] 
found f i n i t e c o n t a c t a n g l e s for s e v e r a l p o l a r l i q u i d s on g l a s s 
( for which agg rega t ed o r a u t o p h o b i c f i l m s a r e much more p r o b a b l e 
than f o r h y d r o c a r b o n s ) , b u t a l s o 9=17° for hexane .^ 
( i l l ) Induced p o l a r i z a t i o n , caused by t h e e l e c t r o s t a t i c f i e l d 
of t h e s o l i d , has been obse rved f o r hexane on h y d r a t e d - o x i d i z e d -
me ta l s u r f a c e s [ 4 2 1 ] , as w e l l as fo r benzene adsorbed on wa te r [ 4 2 3 ] . 
There i s some H-bonding between benzene or hexane and t h e s u r f a c e 
hydroxy l groups on s i l i c a [ 4 8 4 ] . C l e a r l y t h e a d s o r b a t e does no t 
i n t e r a c t wi th t h e a d s o r b e n t by d i s p e r s i o n f o r c e s o n l y . 
( iv) S e v e r a l o r g a n i c v a p o u r s , among t h e s e hexane and t o l u e n e , 
form m u l t i l a y e r s (up t o f o u r , assuming v e r t i c a l o r i e n t a t i o n ) on 
l i q u i d w a t e r [R423] . I t has been s u g g e s t e d t h a t t h e lower a l k a n e s 
7. Two th ings may be noted in t h i s connection (i) The Y for po lys tyrene has 
been repor ted as 44 [377] . Hence po lys ty rene i s wetted much b e t t e r by 
hydrocarbons than hydrated s u r f a c e s , ( i i ) I t does not follow from the above 
t h a t to luene should y i e l d e>0 because Y- ^ Y • Aroraatics i n t e r a c t with 
oxide or water su r faces a l s o v ia the phenyl r ing [379,423,483] . The c o n t r i -
but ion of the TT-bonds t o the adhesion fo rces has been est imated t o be 15-20 
[378] and t h i s term should be added to W . 
A 
8. Cf [367,372,373,375,376,395,424,425]. 
9. Adamson found 9=0 for CCl^ (Y,„=27), which shows lib behaviour as well 
However, non-duplex films for. CCl seem possible, cf [429] 
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can form incipient clatherates or hydrates yielding an extensively 
modified surface [383,431]. 
(v) Most adsorption isotherms are determined on powders. There-
fore conclusions as to multilayers are not possible due to capillary 
condensation [432]. An exception is [410,426]. Orientated multilayers 
of the lower alkanes were found on a pentanol layer, adsorbed on an 
oxidized aluminium surface. 
(vi) Also in case only dispersion forces are present, a nega-
tive disjoining pressure is, a prion, possible [368,380,381], in 
particular for very different molecules. A region of negative p, 
has been reported for benzene-mercury [433]. 
4,7, Possible mechanisms causing lib behaviour 
4,7,1, Introduction, In chapter 3 it has been shown that the mechanism 
causing lib behaviour is influenced only by the situation m the 
surroundings of the three-phase line. Then there remain three poss-
ible sources for lib behaviour: increasing Y,„, decreasing effec-
tive meniscus circumference, decreasing 9. The first two possibil-
ities are discarded in the two following sub-sections. 
4,7.2, Increasing liquid surface tension. The equilibrium height for 
lib systems is about twice h I (cf Table 3.4). This excludes the 
hypothesis that Yr„, the surface tension of the liquid-vapour inter-
face, increases during capillary rise.'° 
4.7.2. Decrease of effective meniscus circumference. It can be imagined 
that lib behaviour is caused by the fact that the effective circum-
ference of the meniscus that acts as the driving force decreases 
during capillary rise. That is to say: at each moment the meniscus 
moves only at a few points; this has an effect on the curvature 
at other points, which then come m a favourable position to move; 
etcetera. In terms of the porespace models this means that the 
number of tubes in which transport takes place decreases with h, 
while yet all tubes are filled by the rising front. In terms of 
eq (1.33) it means that h increases and k decreases with h. 
c 
This mechanism w i l l not be ana lyzed m d e t a i l because t h e r e 
10. The slow drainage of water from toluene rinsed sand can be ascribed to a 
decrease m y..„ caused by impurities (surfactants) moving from the sol id-
liquid to the solid-vapour interface. 
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are a number of reasons that make it improbable for the homogeneous 
media studied." 
(i) lib behaviour has also been observed in cylindrical capil-
laries for which the above mechanism is not possible (see section 
4.8.1). 
(ii) The same particle packings show Ila as well as lib be-
haviour. This implies that the porespace geometry as such does not 
induce the mechanism under discussion. 
(ill) It seems reasonable to expect that, given a sharp front, 
the apparent k will not decrease by more than a factor equal to 
the number of particles m a horizontal layer of the porous medium. 
For the same reasons one would expect the capillary rise in a 
packing of smaller particles to take much longer than for large 
particles. None of these is observed. 
(iv) It has often been reported that when 9)^ 0 the liquid front 
m a capillary [355,356], or a particle packing [96,357], moves 
irregularly, jumping from one point to another. This, however, 
does not support the mechanism under discussion. In the case of 
capillaries the effect is only observed when 97^ 0, and will be caused 
by a surface that is energetically or geometrically inhomogeneous. 
In the case of a particle packing the microscopic movement is ir-
regular for the same reason as it is in tubes with constrictions (cf 
Fig 1.2, models 151). 
4,8, Decreasing contact angles 
4,8,1, General remarks. In this section mechanisms are discussed that 
might explain a decrease of 9 with h. In the next section this 
knowledge is applied to the systems that show lib behaviour. No 
convincing explanation for the decrease in 9 is always possible. 
It should however be noted that the experimental fact that 9 can 
decrease during capillary rise is not m doubt: lib behaviour has 
been observed m cylindrical glass capillaries with several liquids. 
11. It is expected that the mechanism does play a role in the wetting of 
strongly heterogeneous porous media (also in the sense of not being homo-
geneously wettable) and during the formation of a saturation gradient. 
12. For octanol [434], di-n-butyl phtalate [356] and water [390]. For glass-
water we too observed lib behaviour [r = 0.15 mm; equilibrium time about 
200 hr). Attempts to obtain a lib behaviour for glass-toluene failed because 
in all cases 9=0 
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According to eq (4.3), assuming Y,„ to be constant (cf section 
4.7.2), a decrease in 9 corresponds to an increase m TT -TT . We 
SL sv 
will not attempt to describe the mechanisms below in terms of sur-
face tensions or film pressures, nor will we attempt to justify 
the thermodynamic possibility of these mechanisms, because the 
meaning of y , Y^T ' and Y„„» and to a less extent Tr_^  and TT^„, is 
ta oil sv SL sv 
obscure for an inert surface and a pure liquid, not to mention the 
systems under discussion. 
4.8.2, Liquid penetrates solid or film. Probably this is the most 
common cause when hydrocarbon surfaces show a decrease of 9 with 
time [435]. It would also explain the hysteresis in 9 [436]. Pen-
etration of water m polymer surfaces is well-known [437-439]. And 
the same phenomena occur when a high-energy surface has been 
covered with a monolayer of a polar compound changing the surface 
in a paraffin-like [421]. Small alkane molecules penetrate between 
C-H chains, and probably all small molecules will do this [370,420]. 
4.8.3, Dissolving surface. For high-energy surfaces the ^"Potential 
or surface potential or contact potential will influence the sur-
face tensions and hence 9 [397,440]. From the phenomena observed 
with model porous electrodes (mostly cylindrical capillaries), which 
we will not discuss here, it is clear that electrochemical processes 
occurring at the surface may result in an increase as well as a 
decrease of 9 (see [440-444]). Further, it is well known that the 
C-potential of mineral surfaces depends strongly on the pre-treatment 
of the surface and, m general, displays a time effect when aged in 
water [R445]. This should be ascribed to ions going into or out of 
solution. For example, it has been observed that when hydrated 
silica IS brought into contact with water, hydrated silicon or 
silanol groups leave the surface and form a double layer [446]. 
These processes can be very slow.'^ 
4.8.4, De- or replacement of adsorbed films. If the solid phase is 
(partly) covered with an adsorbed film of a surfactant, the latter 
may move to the other interfaces in the system. This effect, causing 
a decrease m 9, has been observed, e g, in the wetting of contami-
nated soils [448]. A general description is difficult, because 9 
may be a complicated function of the concentrations of the different 
13. We may note in this connection that the formation (from the vapour phase) 
of hydration layers on oxides may take months [447]. 
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surfactants present [449]. Further, it is possible that some adsorbed 
film just dissolves in the liquid [421,424]. When these phenomena 
occur, we may expect them to be rather slow. The desorption itself 
can be a slow process [450]; then diffusion has to take place from 
the three-phase line. 
If a hydrated surface is wetted by an organic liquid, equilib-
rium between the adsorbed water and the water in solution has to 
be established. It is expected that this is a rather rapid process 
and that it will hardly change the surface. 
4.8.5. Evaporation from the film. When a meniscus is in equilibrium 
with an adsorbed film, evaporation can cause a decrease in 9, be-
cause the evaporation increases IT [106,399,482]. However, this 
mechanism cannot occur during capillary rise. 
Evaporation may further cause a change in film properties when 
there is more than one component present in the film. These effects 
can be compared with and could be aggravated by the Marangoni 
phenomena caused by preferential evaporation [452,453], temperature 
gradients [453,454] and electro-osmotic gradients [442,443,455]. 
Probably, thfe phenomena reported by Hardy [456] and Bangham [39 9,427], 
concerning the sensitivity of 9 to the presence of a second adsorb-
able compound, fall into this class. Typical examples are that 
acetic acid does not spread on glass in the (relative) absence 
of water vapour [456] and that most organic liquids (such as 
toluene, hexane, glycol) show an increase in 9 (on mica) when 
methanol vapour is added to the system [399]. 
4.8.6. Film jumps. When liquids display a finite 9 on their own 
adsorbed film there exist two or more (meta)stable film thick-
nesses at Q=l, corresponding to different contact angles. Bangham 
[399] reports a decrease in 9 for a lens of, eg , benzene on mica, 
when the atmosphere is being supersaturated with this liquid. It 
is possible that this corresponds to a jump over an unstable part 
of the function y(J.), passing a region where p^ is negative (cf 
section 4.2.4). Further it is possible that, during capillary rise, 
changes m the temperature (or concentration of dissolved com-
pounds) may, temporarily and locally, cause a discontinuous jump 
of a high-9 film to a low-9 film. (Because porous media, contrary 
to cylindrical capillaries, display structural hysteresis, rupture 
of a low-6 film cannot cause a decrease of a certain height of 
capillary rise.) This mechanism can then sustain a mechanism as 
described in section 4.7.3. 
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TABLE 4.5 
Possible lib explaining mechaninjs 
++ most probable mechanism; + possible mechanism; 0 mechanism cannot be excluded; - mechanis 
IS impossible or highly improbable 
mechanism polystyrene glass - water glass - polar glass- non-polar 
organic liquids organic liquids 
surface penetration ++ - -
solution of surface - ++ 0 -
desorption contamination 0 - - -
replacement water film - - ++ 0 
evaporation of film - - - -
change in film constitution - + + + 
film 3unips - + 0 ++ 
4.9. Interpretation lib behaviour 
4.9.1. Introduction. Because in most cases the mechanism causing a 
finite 6 is not fully understood, any interpretation of lib be-
haviour has to be highly speculative. This is amplified by the 
fact that most mechanisms, described in the preceding section, can-
not easily be subjected to experimental test. In Table 4.5 we 
present a judgement regarding the plausibility of these lib ex-
plaining mechanisms for some of the systems studied. A few remarks 
for the different groups are given below. 
4.9.2. Polystyrene. Heptane and ethanol yield a la behaviour. 
Acetonitril displays a lb behaviour, but it is possible that this 
IS due to blocking by dissolved polystyrene. Glycol comes under 
class Ila. Nitromethane belongs to class lib. It is possible that 
polar contaminations, of which some are always present on the 
surface [435,457], interact with nitromethane. The best hypothesis 
seems penetration of the surface by nitromethane molecules. 
4.9.3. Glass-water. We assume that the meniscus is in equilibrium 
with a non-duplex film and that there is no interference of organic 
impurities (desorption of contaminants is anyway implausible, be-
cause these would decrease Y,,,)- The most probable mechanism seems 
L V 
solution of the surface. That this happens is not the point, as 
appears from the fact that after some weeks in water the glass 
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beads a r e s t r o n g l y s i n t e r e d t o g e t h e r , b u t such media, a f t e r be ing 
d r i e d , have no t l o s t t h e i r l i b behav iour . ' ' * 
4.9.4. Glass-apnlar liquids. Replacement of t h e w a t e r f i l m , which 
might occur for g l a s s and p o l a r l i q u i d s , seems improbable for 
a p o l a r l i q u i d s . Exper iments were performed w i t h t o l u e n e and hep t ane 
d r i e d over m o l e c u l a r s i e v e s and w i t h t o l u e n e and hep tane s a t u r a t e d 
with water . No d i f f e r e n c e was found. Assuming t h a t t h e menisc i of 
t o l u e n e and hexane a r e m e q u i l i b r i u m wi th a non-duplex f i l m , bo th 
a change m f i lm p r o p e r t i e s by p r e f e r e n t i a l e v a p o r a t i o n and the 
f i lm-jump h y p o t h e s i s a r e p o s s i b l e . ' ' 
4.10. Concluding remarks 
The main c o n c l u s i o n of t h i s c h a p t e r i s t h a t t h e r e i s a c o r r e l a t i o n 
between c l a s s behav iou r and c o n t a c t a n g l e . More d e t a i l e d the con-
s i d e r a t i o n s of t h i s c h a p t e r can be summarized as f o l l o w s . 
( i ) For i r r e g u l a r dense ro tund p a r t i c l e p a c k i n g s , t h e o c c u r r e n c e 
of a wide s a t u r a t i o n g r a d i e n t a t e q u i l i b r i u m co r r e sponds t o a 
c o n t a c t ang le app rox ima te ly equa l t o z e r o . A sharp l i q u i d f r o n t a t 
e q u i l i b r i u m c o r r e s p o n d s t o a c o n t a c t ang le above some c r i t i c a l 
v a l u e . ' ^ The i n t e r p r e t a t i o n of t h i s e x p e r i m e n t a l law i s t h e s u b j e c t 
of c h a p t e r 5 . 
14. In the case of soda glass there i s an i r revers ible decrease of Q{h) after 
the f i r s t one or two experiments with the same packing. From the third 
experiment onwards h{t) i s reproducible. 
15. Paraffin o i l - glass beads belongs to class I l a . This may correspond to 
the absence of a (primary) film m th is case [455]. 
15. The evidence for this conclusion is scattered over chapters 2-5. The con-
clusion IS included here because the experimental results for polystyrene, 
the only system for which estimates of the contact angle are possible, i s 
considered to l>e conclusive evidence for this hypothesis. The other evidence 
includes (i) The equilibrium height of a system that shows la as well as 
I la or l ib behaviour is always higher in the la case (section 2.3.2). (ii) 
The system sand-water changes i t s la to I la or l i b behaviour when the sand 
surface is deliberately contaminated (section 3.3.1) . ( i i i ) All la systems 
yield the same values for h^ (section 5.4.2), while the upper boundary of the 
saturation gradient i s equal to the value predicted for 9=0 by the theory 
offered in chapter 5. 
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(ii) The system water - glass beads may display a finite con-
tact angle.''This can be ascribed to the existence of an aggregated 
adsorbed water film with other properties than bulk water. 
(ill) The systems toluene - glass beads and hexane - glass 
beads may display a finite contact angle. It is hypothesized that 
apolar liquids may also form non-bulk-liquid resembling phases on 
glass surfaces. 
(iv) The occurrence of relatively slow capillary rise is due 
to the fact that during capillary rise the contact angle slowly 
decreases, thus increasing the curvature of the liquid front. Depend-
ing on the nature of the interacting solid-liquid combination a 
decrease in the contact angle can be ascribed to several of a number 
of mechanisms such as: liquid penetrates solid surface, surface 
dissolves, adsorbed film properties change. However, at present more 
specific conclusions are not possible. 
17. It may be noted that this and the following conclusion are not minor 
conclusions because, if they were not true, this would be conclusive 
evidence against both conclusions (i) and (iv). 
h 
CHAPTER 5 
CONCAVE AND ANTICLASTIC MENISCI 
5.1. Introduction 
5.1.1. General remarks. It has been concluded in chapter 4 that, 
qualitatively, the presence of a wide saturation gradient after 
capillary rise corresponds to a contact angle of about zero, 
whereas the absence of a saturation gradient corresponds to a 
contact angle above some critical value. The subject of this 
chapter is the presentation of a theory of capillary rise which 
accounts for this experimental fact. 
In chapter 1 it has been shown that none of the existing 
porespace or other models can account for the phenomena observed 
during capillary rise in macroporous media. More specifically, 
none of the existing theories on capillary liquid transport can 
account for the fact that the same system, ie the same particle 
packing and the same liquid, sometimes yields a wide saturation 
gradient and sometimes no saturation gradient at all. (The failure 
to account for this anomaly is, of course, partly explained by the 
fact that the problem has not, so far, been recognized and report-
ed.) In fact, knowledge on the mechanism of capillary rise is 
virtually non-existent. This knowledge can be summarized by 
Haines' contention [215] that 'The rise of the water front will be 
checked by the widest section of the pore whereas in drainage the 
check IS the narrowest section.' - the first clause of which is, 
under any reasonable interpretation, definitely not true. 
The experiments and considerations given m chapter 3 exclude 
the possibility that the problem, regarding the presence or ab-
sence of a saturation gradient, is simply caused by some extraneous 
factor, e g the homogeneity of the packing. Therefore it is necess-
ary to make a more detailed analysis of the mechanism of moving 
interfaces. The basic feature of the theory presented here is that 
it IS necessary to recognize that a liquid-vapour interface in a 
porous medium contains concave and anticlastic parts. (Anticlastic 
means that the two principal radii of curvature are of opposite 
sign.) The anticlastic parts or a-menisci are contained by two 
particles. The concave parts or Y~™enisci are contained by three 
or more particles. If the porespace is visualized as consisting, 
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of cavities connected by windows, then the transport mechanism 
can be seen as a continuous merging and generation of a- and Y~ 
menisci. The theory analyzes the contribution of the a- and Y~ 
menisci to the continuity of transport and the dependency of this 
mechanism on the contact angle. 
As basic premises the theory requires data on the curvature 
of a- and Y~i"enisci and on the (statistical) properties of irregu-
lar packings. The available data in the literature on these 
subjects are rudimentary, because of the extreme complexity of the 
mathematical problems involved. Therefore, at present, the theory 
yields only a few quantitative predictions. It should, however, be 
noted that it is, at present, the only theory that can explain the 
phenomena observed during capillary rise. 
5.1.2. Terminology. The considerations in this chapter are con-
fined to irregular, dense, monosized sphere packings, le the 
porespace geometry is a more or less fixed parameter. Distances, 
curvatures, and heights of capillary rise are expressed in terms 
of a dimensionless length parameter. A, with the particle radius 
as the unit of length. Thus for some distance L in a particle 
packing, 
A H ^ (5.1) 
and for the curvature of some meniscus: 
A E ^ (5.2) 
and hence for a meniscus at equilibrium after capillary rise [cf 
eqs (1.10) and (1.11)]: 
4Y 
• - ^^  (5.3) pghd 
The porespace of a sphere packing (regular or irregular) 
consists of cavities connected by windows. Each window connects two 
cavities. A window is bounded by curved lines on the surface of three 
or four spheres. These lines meet at the contact-points of the 
spheres or are connected by part of the lines connecting sphere 
centers at near-contacts. What a near-contact is depends on conven-
tions chosen. Equilateral windows have the form of an equilateral 
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concave triangle or concave square. See Fig 5.1, top. Windows be-
tween three spheres are called V-windows, between four spheres O-
windows. One of the parameters to characterize a window or a cavity 
IS the radius, A , of the largest sphere, that can pass through 
the window, respectively just fits into the cavity. 
Fig 5.1. Top Concave equilateral triangle emd concave square. The a-
meniscus at a contact point A is characterized by the angle ()>. 
Bottom Intersection parallel to the plane through the sphere 
centers, P, Q, and R, d = 2{6+R). 
A pendular ring at a contact-point of two spheres has an 
anticlastic meniscus, for short: a-meniscus, with curvature A . An 
a-meniscus fills one of the angles of several windows. (A V-wmdow 
has three V-angles; a O-window has four O-angles.) The value of A 
at which a number of filled angles merge, and close a window, is 
A . The merging a-menisci yield a concave lense of liquid in the 
window, or, if we consider only one side of the window, a princi-
pally concave meniscus, for short: Y~meniscus, with curvature A . 
Isolated menisci are not considered. There is, as said before, 
only one meniscus at the liquid front, consisting of concave parts 
separated by anticlastic parts. The term meniscus will, however, 
be used as follows: 
meniscus = a more or less confined mainly concave, or mainly anti-
clastic, part of the continuous liquid-vapour interface 
coterminous with a small number of spheres, usually two, 
three, or four. 
The curvature at which a cavity fills is A . The value of A 
-• c c 
depends mainly on the number of windows closed and the height of 
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the Y~i'ienisci in the windows, le , the height above the plane 
through the sphere centers constituting the window. When a cavity 
fills, this generates a number of new a- and Y"inenisci. 
At equilibrium after capillary rise or drainage, for each 
height, A =A . This value will be denoted by A^ and we will say, 
e g , that such and such a system yields a saturation gradient of 
A^ = 0.4-0.6 (cf Table 4.3). h 
5.1.2. Existing knowledge. The available knowledge relevant to 
the present problem can be divided into five parts, three of which 
we shall use. 
(i) The most common approach to capillary liquid transport is 
to specify Haines' statement quoted above by contending that drain-
age IS governed by the A distribution for the windows and that 
wetting is governed by the A distribution for the cavities (see 
eg [18], p 37). As to drainage this is not entirely uncorrect, but 
for wetting it is certainly not true, for regular as well as irregu-
lar packings. (This statement is substantiated m the sections that 
follow.) 
(ii) Laborous calculations have been made on models for the 
wetting cycle of a suction experiment [216,347]. It is assumed that 
the wetting cycle is determined by the curvature at which advancing 
Y-menisci meet isolated a-menici (of the pendular rings that remain 
after the draining cycle of a suction experiment). The assumptions 
imply either that for menisci rising in a window we may assume 
A =A , which IS not permitted (see below), or the absence of capil-
lary rise m case no isolated pendular rings are present. 
(ill) The a-meniscus at a contact point is part of a nodoid. 
The exact equations for A are known, but they are difficult to 
solve. See further section 5.2.2. 
(iv) The equations for a Y~nieniscus between spheres, even for 
the most simple geometry, are not known. The A of the meniscus 
between regularly spaced solid cylinders can be calculated [460] 
and these will be used. See section 5.2.3. 
(v) To describe capillary rise in an irregular sphere packing 
we need its properties. For an irregular dense monosized sphere 
packing, some knowledge on its statistical geometry is available. 
This is discussed in section 5.3.1. 
5.1,4. Outline of the argument. The argument of this chapter is 
based on the knowledge mentioned under (iii)-(v) in the preceding 
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sub-section and considers the relative importance of a- and Y~n'enisci 
in maintaining transport. As will appear, it is the difference in the 
functions A„(9) and A (9) that can explain the presence or absence 
of a saturation gradient as a function of 9, for a given porespace 
geometry. 
In section 5.2 we discuss the mechnism of capillary liquid 
transport m two regular sphere packings. This is not to give an 
exact account of the capillary rise in such packings', but to intro-
duce the characteristics of capillary liquid transport using rather 
simple systems. In section 5.3 the capillary rise m irregular dense 
sphere packings is considered for 9=0. The packing is characterized 
by means of a Delauney graph (cf section 1.6.3). These a priori 
considerations are then compared with the experimental data for la 
and lb systems in section 5.4. This provides further information on 
the contribution of the a- and Y"nisnisci to the movement of the 
wetting front. Finally, in section 5.5, the influence of 9 on the 
wetting mechanism is discussed. 
5.2, Menisci in regular sphere packings 
5,2,1, Regular sphere packings. The use of regular sphere packings as a 
model for porous media has been reviewed in section 1.6.1. Since 
1935 [11,12] the knowledge on regular sphere packings is more or 
less established. The six basic packing structures (there are more 
[218,461]) considered by Graton and Fraser [11] are given in Fig 
5.2 and some data are given in Table 5.1. The six possibilities of 
packing spheres reduce to four if we do not consider the orientation. 
Although rotund-particle packings have porosities of 36-40%, the 
use of regular packings for analyzing capillary liquid transport 
has been restricted to the cubic and the rhombohedral packing.^ 
The cubic packing (see Fig 1.4, model 211, and Fig 5.2a) has 
a rather simple porespace geometry. The cubic unit cell is formed 
by passing planes through the centers of eight contiguous spheres 
1. Because h , depending strongly on the orientation of the packing in the 
field of gravity, is in general equal to zero. 
2. Cf section 1.6.1. The historical reason for this choice is, probably, the 
fact that Haines used them. A more rational reason is that these two packings 
present the extremes for a (meta)stable monosized packing of spheres in a 
gravity field. 
^ 
112 
TABLE 5.1 
Some p r o p e r t i e s of r egu la r sphere packings [11,218] 
packing 
cubic 
orthorhombic 
body-centered 
tetragonal 
rhombohedral 
porosity 
(%) 
47.54 
39.54 
30.18 
25.95 
number of 
contact-points 
6 
8 
10 
12 
A 
r 
cavities 
0.7320 
0.5275 
0.2910 
0.2247 
0.4142 
A 
r 
windows 
0.4142 
0.4142 
0.1547 
0.2549 
0.1547 
0.1547 
and c o n s i s t s of a c u b o i d a l c a v i t y bounded by s i x O-windows (concave 
s q u a r e s , e g BFKE in F ig 5 . 2 a ) . 
The rhombohedral pack ing (see F ig 1 .4 , model 212, and Fig 
5 .2c and 5.2f) i s more d i f f i c u l t t o v i s u a l i z e . In Fig 5 .3 a p h o t o -
graph i s p r e s e n t e d of t h e u n i t c e l l (from [ 3 3 8 ] ) . In F ig 5.4 a 
number of p h o t o g r a p h s a r e g iven of a c a s t i n g of the rhombohedral 
c e l l , t aken from d i f f e r e n t d i r e c t i o n s a t p o i n t s in the same p l a n e . 
Fig 5.2. Regular sphere packings (from [11]): (a) cubic; (b) and (d) 
orthorhombic; (c) and (f) rhombohedral; (e) body-centered tetragonal. 
Fig 5.4a. Photograph of a c a s t i n g of the porespace in a u n i t rhombohedron. 
The rhombohedral c e l l c o n s i s t s of two t e t rahedra l and one o c t a -
hedral c a v i t y connected by V-windows (concave e q u i l a t e r a l t r i a n g l e s ) . ^ 
5.2.2. Anticlastic menisci. Liquid present around the c o n t a c t -
po int of two spheres forms a wheel-r im meniscus , the mathematical 
form of which i s nodoida l . I t i s usual to express the p r o p e r t i e s 
3 . In more d e t a i l t h e c o n f i g u r a t i o n of t h e p o r e s p a c e can be d e s c r i b e d a s 
f o l l o w s (cf F i g s 5 . 2 - 4 ) : 
t e t r a h e d r a l - c a v i t y 
ABC-DEF 
o c t a h e d r a l c a v i t y 
DEF-GHJKLM-NPQ 
t e t r a h e d r a l c a v i t y 
NPQ-RST 
bounded by 
V-windows 
bounded by 
V-windows 
bounded by 
V-windows 
DEF 
ABD 
BCE 
CAF 
DGH 
ELM 
FJK 
NPQ 
DEF 
HLN 
MJP 
KGQ 
NRS 
PST 
QRT 
NPQ 
One rhombohedral cell corresponds to one sphere, six contact-points, and 
eight windows. One contact-point forms part of four V-windows (hence one 
a-meniscus forming part of four V-angles). Each window connects a tetra-
hedral to an octahedral cavity. 
Fig 5.3. Unit rhombohedron formed by passing planes through the centres of 
eight contiguous spheres in a rhombohedral packing (from [338]). 
Fig 5.4b. Photograph of a casting of the porespace m a unit rhombohedron. 
Fig 5.4c. Photograph of a casting of the porespace in a unit rhombohedron. 
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TABLE 5.2 
Values of A as a function of <p and 9 [218,468] 
a 
* 
25 
27.5 
30 
32.68 
35 
40 
45 
55.64 
9 = 0 
0.268 
0.440 
0.57 
0.715 
1.18 
2.11 
+ 0O 
9 = 13° 
0.32 
0.42 
0.57 
(1.1) 
(2.3) 
9 = 20° 
0.380 
0.52 
0.710 
1.42 
3.70 
+0O 
9 = 30° 
0.53 
0.77 
1.16 
9 = 40° 
0.936 
1,66 
3.79 
+ 0 0 
of the pendular ring as a function of i}" , the angle contained by 
the line connecting the sphere centers and the line connecting a 
sphere center with the three-phase line (see Fig 5.1). If an 
equilateral V-wmdow contains two or three a-menisci, they merge 
at $ = 30°. If an equilateral 0-window contains three or four a-
menisci, they merge at (j) = 45°. 
The exact equations to find A(4>,9) are known [462-464], but 
they are extremely difficult to solve, especially for 9^0, and only 
a few points have been calculated (and reported). Various approxi-
mate solutions have been used, but in general the deviations, in 
particular for high values of it", are too large to be useful for 
the present purpose [224,263,347,465-467]. We need A in the range 
it> = 30-45°. In Table 5.2 the available data are given. The figures 
given in normal type are reported to be exact [464,468], but they 
differ slightly from older exact data [462,4631. The figures in 
italic type have been obtained by approximating the nodoid by a 
hyperboloid of revolution, which yields a good approximation for 
9=0 [218] . The figures in curved brackets are interpolated. Esti-
mates for A of the meniscus between unequal spheres have shown 
that the values differ hardly from those for monosized spheres 
[469]. 
5.2.3. Concave menisci. Even for the most simple configurations, 
such as the meniscus in the window between three or four contiguous 
spheres (sphere centres in one plane), no exact solution for A is 
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known. We w i l l use t h e v a l u e s of A fo r t h e Y~nieniscus between s o l i d 
c y l i n d e r s as an e s t i m a t e f o r A . •* 
For t h e c o n f i g u r a t i o n g iven in F ig 5 . 1 , bo t tom, P r i n c e n [460] 
c a l c u l a t e d A fo r t h e meniscus between t h r e e of four s o l i d c y l i n d e r s 
Y •' 
as a f u n c t i o n of 9 and 5/ff, R b e ing t h e c y l i n d e r r a d i u s and 26 
t h e d i s t a n c e between any two n e i g h b o u r i n g c y l i n d e r s . P r i ncen a l s o 
d e r i v e d the (more s imple) e q u a t i o n s t o c a l c u l a t e A fo r t h e i n f i n i t e 
e x t e n s i o n of t h e s e c y l i n d e r c o n f i g u r a t i o n s (above some c r i t i c a l &/R, 
A IS d i f f e r e n t fo r a few i s o l a t e d c y l i n d e r s and fo r an i n f i n i t e 
a r r a y ) . We su rmise t h a t t h e s e r e s u l t s can be a p p l i e d t o Y~n'snisci i n 
s p h e r e p a c k i n g s a s f o l l o w s . Cons ider a window between, e g , t h r e e 
c o n t i g u o u s s p h e r e s . The t h r e e - p h a s e l i n e s of t h e Y~™S"iscus w i l l 
have a complex form. I f we assume t h a t t hey a r e l y i n g a p p r o x i m a t e l y 
in a p l a n e p a r a l l e l t o t h a t th rough t h e s p h e r e c e n t r e s t h e n , cf 
F i g 5 . 5 , t h e c o n f i g u r a t i o n i s t h e same as t h a t fo r t h e meniscus 
between t h r e e s o l i d c y l i n d e r s , w i t h 2(6+i?) = d and an a p p a r e n t 
c o n t a c t a n g l e , 8, g iven by cosB = R/(S+R) . VThen a Y~n'sriiscus r i s e s 
i n a window bo th 6/R and 6 i n c r e a s e . Some v a l u e s of A fo r e q u i l a t -
e r a l windows a r e g iven in Table 5 .3 as a f u n c t i o n of S/R, for 
d i f f e r e n t c o n f i g u r a t i o n s , and fo r 6=0 and 9=20°. As t o t h e a p p l i c a -
b i l i t y of t h e d a t a for c y l i n d e r s t o s p h e r e s two p o i n t s may be n o t e d : 
( i ) Any d e v i a t i o n of t h e t h r e e - p h a s e l i n e on a s p h e r e from a 
p l a n e of l a t i t u d e i n c r e a s e s A , b u t i t has been shown t h a t t h i s 
Fig 5.5. Model for a Y-roeniscus rising in a window, cylinders of radius R, 
on a distance 26; 6 i s the apparent contact angle. 
4. Usually A i s taken equal to A of the window concerned. This value is 
always too low and progressively so when the window edges contain a 
smaller part of the three-phase l ines . Other approaches, eg using the 
hydraulic radius, also give large deviations of the true values when applied 
to geometries for which the true values are known [470]. 
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TABLE 5.3 
Approximate values of A for a window meniscus at different heights 
above the minimum window cross section 
6 = 0 e = 20" 
y-window O-window V-window O-window 
isolated array isolated array isolated array isolated array 
0 
0.05 
0.07 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.24 
0 
17.8 
20.8 
24.6 
26.8 
28.7 
30.4 
32.1 
33.6 
36.2 
0.18 
0.24 
0.27 
0.36 
0.43 
0.51 
0.58 
0.68 
0.80 
1.04 
0.18 
0.24 
0.26 
0.33 
0.38 
0.43 
0.48 
0 54 
0.59 
0.70 
0.45 
0.51 
0.54 
0.58 
0.61 
0.67 
0.76 
0.85 
0.97 
1.20 
0.45 
0.51 
0.54 
0.58 
0.61 
0.67 
0.71 
0.77 
0 83 
0.96 
0.18 
0.27 
0.34 
0.49 
0.62 
0.78 
0.96 
1.17 
1.46 
2 . 2 
0.18 
0.27 
0.32 
0.43 
0.50 
0.58 
0.65 
0.74 
0.83 
1.01 
0.47 
0.58 
0.62 
0.71 
0.84 
0.97 
1.15 
1.38 
1.63 
2 . 3 
0.47 
0.58 
0.62 
0.69 
0.78 
0.87 
0.96 
1.07 
1.17 
1.39 
devia t ion i s , in genera l , very small [471].^ 
( i i ) As sa id , the t h e o r e t i c a l value of the lowest A for a 
concave meniscus between three spheres (corresponding to the 
break-through pressure) i s not known. But the experimental value 
IS known ra the r accura te , reported values being 0.174-0.177 [215], 
0.175 [472], and 0.171-0.180 [470]. The corresponding t h e o r e t i c a l 
value for three cy l inders i s 0.177 [460]. For four spheres an 
experimental value of 0.437 has been reported [472], to be compared 
with the t h e o r e t i c a l value of 0.445 for cyl inders [460]. This case 
IS a r a the r strong t e s t because, for 6=0, the difference between 
a-menisci between spheres and those between cyl inders i s l a rge s t . 
Above 6/fl = 0.05-0.1 a three-phase l ine wi l l not deviate much 
from a p a r a l l e l of l a t i t u d e , both for spheres and cy l inders . 
5.2.4. Capillary rise in a cubic packing. In t h i s section reference 
i s made to the cuboidal cavi ty as depicted m Fig 5.2. If the 
d i r ec t ion of g rav i ty i s along the v e r t i c a l , there i s no cap i l l a ry 
r i s e , because the meniscus in the lower plane, l e the window ABCD, 
can never reach the next layer . After drainage a sharp front between 
5. T h e o r e t i c a l l y by assuming severa l a n a l y t i c funct ions for the th ree -phase 
l i n e and c a l c u l a t i n g the d i f f e r ence in the v e r t i c a l fo rce . Experimental ly 
by comparing the in f luence of adjacent spheres on the force necessary t o 
p u l l a sphere from e l i q u i d . 
119 
the capillary and the pendular stage will be present at A =0.45 
(=A for break-through of an array of concave squares). 
As a hypothetical experiment we will consider a "haphazard 
cubic packing", whose elements have the same properties as a regular 
cubic packing but are connected in an irregular way. (To be sure, 
this IS not physically possible.) 
A window, eg BEKF, will close when three a-menisci at, say, 
B, E and F merge. This occurs for (t)=45°, for which A =2.11=A . The 
^ a w 
closure generates a new a-meniscus at K. Each a-meniscus is divided 
over four angles in four different windows. Hence, we have the 
following scheme of continuity of transport, where '+' stands for 
'generates' or 'gives rise to', 
3 angles ->• 1 window -* 1 a-meniscus -•• 3 angles 
The number of angles necessary to close a window is equal to 
the number of new angles generated. This is, in general, not enough 
to guarantee continuity of transport because of the overlap in the 
new angles generated. The symmetry of a regular cubic packing is 
such that there is so much overlap that there is no transport at 
all. 
As to the filling of the cuboidal cavity, it is easily seen 
that this cannot occur when only one or two windows are filled. For 
three filled windows, having one sphere in common, closure of the 
cavity is perhaps possible. Assume that windows ABCD, AHEJ, and 
DHGM are filled. The meniscus is then, for the greater part, sup-
ported by spheres JEK, MLG and BCF. The cavity will be closed when 
this meniscus reaches sphere KLF. Using the assumptions underlying 
Table 5.3, one finds for this configuration R=& and 6=45°, 
yielding a A between 2.4 and =» depending on the presence of 
menisci m adjacent cavities. 
When three windows of the cavity, not having one sphere in 
common, are filled, the configuration of the Y~n'eniscus in the 
cavity IS very complicated. If we assume that the cavity closes 
when the Y-menisci m the windows touch the inscribed sphere 
of the cavity, this yields 1.5 < A < 2.9. It is expected that 
this estimate is on the low side. The other three -windows are 
closed anyway at A=2.11, because each of them has, or obtains, 
three angles filled. Therefore we may expect that for this 
variant A =2.1, and that the closure of the cavity does not 
c -^ 
add to the continuity of transport. 
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Thus, depending on the connectivity of the windows, there 
are three possibilities: 
(i) No capillary rise, as in the regular cubic packing. 
(ii) A. =2.11, and no saturation gradient, when there is no 
overlap of generated angles. 
(ill) A having some value between 2.4 and »> when the closure 
of the cuboidal cavity by three windows, having one sphere in 
common, is needed to maintain continuity of transport. A saturation 
gradient is possible in this case. 
5.2.5. Capillary rise in a rhombohedral packing. In this sub-section we 
refer to the rhombohedral cell as depicted in Figs 5.2-4. This 
cell contains V-wmdows as well asO-wmdows, in a proportion 8:3.' 
An equilateral concave triangle with one angle filled cannot close 
because, in reaching the opposite sphere, the a-meniscus would 
have i)>=60°, for which A is negative. Two filled angles will close 
a window at A=0.44 (4i=30°). For this case the scheme of continuity 
is: 
2 V-angles ->• 1 V-window -»• 3 V-angles 
H e n c e , two m e r g i n g a n g l e s g e n e r a t e t h r e e new o n e s a n d when t h e 
o v e r l a p i s n o t t o o l a r g e t h i s m e c h a n i s m c a n m a i n t a i n t r a n s p o r t f o r 
Aj^  > 0 . 4 4 . F o r A > 2 . 1 1 t h e O - w i n d o w s may a d d t o t h i s . E a c h c o n t a c t -
p o i n t f o r m s p a r t o f f o u r V - a n g l e s a n d two O - a n g l e s . H e n c e , f o r t h e 
s c h e m e o f c o n t i n u i t y 
2 V-angles -• 1 V-window -»• 
3 V-angles 
2 O-angles 
1 V-angle 
1 O-angle -• .r-O-window -*• 1 . 
3 — O-angle 
T h i s s chem e w i l l b r e a k down o n l y f o r a v e r y h i g h amoun t o f o v e r l a p . 
A t e t r a h e d r a l c a v i t y c a n n o t b e c l o s e d by o n e w i n d o w . V7hen two 
w i n d o w s a r e f i l l e d i t s e e m s r e a s o n a b l e t o s u p p o s e t h a t t h e c a v i t y 
I S f i l l e d when t h e two Y ~ n i e n i s c i t o u c h t h e i n s c r i b e d s p h e r e of t h e 
c a v i t y . F o r t h i s c o n f i g u r a t i o n we f i n d 0 . 3 0 < Y < 0 . 3 5 . Of c o u r s e , 
w i t h two w i n d o w s f i l l e d , t h e c a v i t y c l o s e s anyway a t A = 0 . 4 4 . 
6. The V-windows have been mentioned in note 3. The concave squares a r e 
FGNM, DLPK, and EHQJ. A rhombohedral c e l l con ta ins (2+i3.12)=8 V-windows and 
3 O-windows. 
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Because t h e t e t r a h e d r a l c a v i t i e s a r e s e p a r a t e d from each o t h e r by 
o c t a h e d r a l c a v i t i e s they do no t c o n t r i b u t e t o t h e c o n t i n u i t y of 
t r a n s p o r t . I t a p p e a r s t h a t o c t a h e d r a l c a v i t i e s do no t c l o s e b e -
f o r e a c o n f i g u r a t i o n i s r eached t h a t d i s p l a y s c o n t i n u i t y of 
t r a n s p o r t by V- and O-wmdows o n l y . ' T h e r e f o r e t h e c a v i t i e s do 
no t change t h e above ment ioned scheme of c o n t i n u i t y fo r t r a n s p o r t 
by windows o n l y . 
There i s some d i s p u t e as t o whether a i r b u b b l e s can remain 
in o c t a h e d r a l c a v i t i e s , a l l windows b e i n g c l o s e d [ 2 1 6 , 4 7 0 ] . E x p e r i -
ments have shown t h a t , w i t h one window open (seven f i l l e d ) , an 
o c t a h e d r a l c a v i t y c l o s e s a t about A=0.3 [ 2 1 5 ] . T h e r e f o r e , when 
t h e windows c l o s e one a f t e r a n o t h e r a t A=0.44 (or 2.11) t h e r e w i l l 
be no a i r e n t r a p m e n t . 
The above c o n s i d e r a t i o n s show t h a t i t i s no t some A r e l a t e d 
t o t h e geometry of the c a v i t i e s t h a t gove rns c a p i l l a r y r i s e i n 
p a r t i c l e p a c k i n g s b u t o n l y , or f i r s t and fo r a l l , t h e merging of 
a - m e n i s c i i n t h e windows. When enough windows have been c l o s e d , 
t h e c a v i t i e s , i n g e n e r a l , ] u s t f o l l o w . I t i s p o s s i b l e t h a t t h e 
f i l l i n g of t h e c a v i t i e s c o n t r i b u t e s t o t h e c o n t i n u i t y of t r a n s p o r t 
b u t we always have A, > A . 
-" h w 
6.3. Capillary rise in irregular sphere packings{Q=0) 
5.2,1, Properties of irregular packings. For t h e p r e s e n t p rob lem, g i v e n 
t h e a v a i l a b l e knowledge and a l s o a p r i o n , t h e b e s t approach seems 
7. To consider the closure of the octahedral cavity as a function of the 
number of windows f i l l ed , th is cavity is best visualized as contained by 
four contiguous spheres m one plane with two spheres placed in the O-
window. The cavity will certainly not be f i l led when one up to three windows 
are f i l led. When four windows are f i l led there are two p o s s i b i l i t i e s : 
(i) PQN, FJK, HJP, and KGQ are f i l l ed . 
( i l) PQN, FJK, HJP, and ELM are f i l l ed . 
In the f i r s t variant we have a meniscus r is ing between four spheres, which 
has to reach the overlying sphere. This i s not possible. The cavity will 
close at A=2.11 when window EHQJ is f i l l ed . For the second variant we may 
assume that the cavity wil l close when the Y~'"^hisci reach the inscribed 
sphere. This yields 1.2 < A < 3.5. However, th i s s i tuat ion i s not reached 
because in th is variant a l l V-windows have or obtain two angles f i l l ed , 
thus closing the cavity at A=0.44. 
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to describe the statistical geometry of an irregular sphere 
packing by means of a Delauney graph, thus dividing the porous 
medium in tetrahedra (cf section 1.6.3). Hence, all cavities are 
accessible by four windows and there are only V-windows. The edge 
length of a tetrahedron is denoted by A . 
In an irregular dense sphere packing {c = 36-37 % ) , a sphere 
has, on the average, 6-7.5 true contacts (ieA =2) and about 14 
neighbours for A < 2/J. Many experimental as well as computer 
based data that confirm these figures are available [R10,R232, 
R481]. Hence it seems obvious to use them as input data for a 
tetrahedral model. 
We will use the data of Mason [233], who calculated the 
properties of 1000 tetrahedra from the edge length distribution, 
f(A ), as measured by Scott [473,474]. This f(A ), which predicts 
7.5 contacts for A < 2.04 and 13.75 contacts for A < 2.80, was e e 
obtained on a packing with a porosity of 36.3 %. Computer gener-
ated packings yield, at e=37%, roughly the same distribution 
[475,476]. For example, 6.8 contacts for A < 2.04, and 14.1 con-
tacts for A < 2.80. The sphere packings used in our experiments 
had porosities m the range 34.9-36.3 % [318]. Although our 
packings are constructed from sieve fractions, we shall assume 
that the statistical properties of our packings are not much 
different from that of Scott. That all irregular dense sphere 
packings with e = 35-38 % have, approximately, the same statistical 
geometry is supported by the reproducibility of the experimental 
f(A ) for numerous different packings [232]. The assumptions of 
Mason's model are the following: 
(i) There are no neighbours for A > 2.80. (Bernal [276] 
reports 2 out of 24.000 edges greater than 3.2.) 
(ii) The f(A ) for individual tetrahedra is identical to e 
that for an assembly of tetrahedra. 
(ill) The values of A are independent of each other. 
The tetrahedra so constructed yield £=36.5%. In the sequel 
we will mainly use two results from Mason's calculations. In both 
cases part of the data is supported by independent evidence. 
(i) Mason finds that one sphere forms part of 2 3.3 tetrahedra. 
From this it follows that there are 23.3/4 tetrahedra per sphere. 
There are 6.9 edges per sphere. Hence one edge forms part of 
6x23.3/(6.9x4) = 5.1 tetrahedra, and, because space is completely 
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filled by tetrahedra, one edge forms part of 5.1 windows. This 
value IS also found by [277]. 
(ii) Mason has calculated f(A ) for the cavities as well as 
the windows. We are interested mainly m the latter. It appears 
that for 19% of the windows 0.143 < A < 0.16, which is the window 
r 
between three touching spheres. This result can be compared with 
the experimental value of 26% [245].^ 
5.2,2. Capillary rise m the tetrahedra model. From section 5.2 two 
points emerge: (i) the anticlastic menisci are the principal agents 
governing transport, and (ii) it is of the utmost importance to 
know the connectivity of the tetrahedral structure, because the 
amount of overlap in freshly generated menisci determines how many 
menisci are necessary to maintain continuity of transport. Neverthe-
less, we do not go into statistical considerations of the latter 
problem. We will use the simple working hypothesis that there will 
be some overlap, but not much, and we will then see how the pre-
dictions compare with the experimental data.^ 
To obtain f(A ) from f(A ) we use model 212 (cf Fig 1.4) and 
w r 
the calculations of [224] which yield <t> (A ). This implies that it 
IS assumed that each window is characterized by one A only, no 
matter which two angles are filled. The f(A ) obtained in this way 
w 
certainly yields too low values of A for isolated filled angles. 
This error is compensated by the fact that each filled angle is 
connected to at least one closed window which will decrease A (<l>) 
and hence A . 
w 
8. This value of 26 % is not given as such in [245]. Data are reported on the 
number of concave polygons found in an irregular sphere packing when consider-
ing only true contacts. These data were recalculated by dividing all 
polygons m V-windows and making a correction for the number of near-
contacts so obtained. It should be noted that the argument in the next 
sections becomes stronger when the value of 26%, in stead of 19%, is assumed. 
9. The nature of the connectivity of the windows and cavities IS of the utmost 
importance but it is not opportune to consider the problem here- It is still 
a matter of dispute what can be considered as random parameters in an irregu-
lar sphere packing. (We do not speak of a random sphere packing because 
It IS not the distribution of the sphere-; in space that is random (because 
they cannot overlap) and it is unclear what it is then, that is random.) 
Moreover there are indications that irregular sphere packings are aniso-
tropic [477] 
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From section 5.2 it is clear that there cannot be any signifi-
cant capillary rise for A < 0.44, corresponding to the closure 
of the smallest V-windows. If we consider transport by windows only 
the scheme of continuity is: 
2 angles ->• 1 window ->• 1 a-meniscus ->• 4. 1 angles 
If there is not much overlap, this implies that continuity of 
transport is maintained by only 50% of the windows (filling all 
contactpoints but not necessarily all windows). These windows 
have A = 0.15-0.28, yielding A = 0.44-0.68. Hence we will 
r •' ^ w 
observe a saturation gradient for A, = 0.44-0.68, or to still higher 
values of A when at these values of A not all cavities are closed. 
w 
If the majority of the cavities is not closed before three windows 
are filled, it appears that, in the range for which 75-90 % of the 
windows fill, the maximal A is of the order of that of a concave 
square. Hence the porous medium will be completely saturated to at 
least A =2.11. These predictions are well within the boundaries 
set by the considerations for regular sphere packings. 
To close a cavity at least two Y~i"snisci are needed, a closure 
yielding two new y-menisci. Because of some overlap and a number 
of large cavities, which will never be filled by two Y~inenisci, 
this mechanism cannot maintain transport to any appreciable height. 
If all, or almost all, cavities would always easily close when two 
windows are filled we need less windows to maintain transport. A 
typical scheme of continuity is: 
) 4 angles 
2 eingles^ ^^ ^ 
window^ ^^  v2 windows 
/ 1 tetrahedron 4<;;^''^  
1 window ~->8 angles 
2 angles< 
-) 4 angles 
This scheme, in which the larger windows are closed via tetrahedra 
that are filled by their smaller windows, suggests that 20% of the 
windows might be enough to maintain transport. Because for 20% of 
the windows A =0.44, we may expect no saturation gradient and A = 
0.44 in that case. 
Many intermediate cases are possible. For the moment it is 
enough to state the extremes for A, of an irregular sphere packing 
and 9=0 (and still under the assumption of little overlap): 
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(i) If the cavities are always easily closed when two windows 
are filled, continuity of transport is maintained by 20% (or less) 
of the windows. No saturation gradient will be observed and Aj^=0.44. 
(ii) If the cavities are not filled before three windows are 
closed the transport is maintained by 50-90% of the windows. A 
saturation gradient will be observed for which Aj^=0.44-s, with 
0.68 < 2 < 2.1. 
We now turn to a comparison with the experimental results. 
5.4. Comparison with the experimental data for 9=0 
5.4.1. Digression on drainage. Because the mechanism of drainage is 
much simpler than that of capillary rise, drainage experiments can 
be used as a rough check on the reliability of the tetrahedra model 
and, more in particular, on the f(A ) of the windows. 
After drainage the equilibrium saturation gradient will be 
governed by the distribution of the larger windows in the packing, 
because, to empty a cell only two windows are necessary. Using some 
appropriate assumptions regarding the connectivity (cf section 
1.6.3) Mason [233] predicts for the saturation zone after drainage 
A = 0.28-0.34. This can be compared with some of our experimental 
results given in Table 5.4. Although there is some scatter, the 
prediction is rather well confirmed for la systems, for the average 
height as well as for the width of the saturation gradient. 
TABLE 5.4 
Saturation gradient at equilibrium after drainage 
experiment system 
3fp33td 350 vm glass beads - toluene 
3fp34td 350 Um glass beads - toluene 
3S43td 360 Um sand - toluene 
9Sw2ed 925 \m sand - water 
3nl4td 350 \im glass beads - toluene 
3n8td 350 Um glass beads - toluene 
3n9Itd 350 Um glass beads - toluene 
9st2ed 925 Um sand - water 
lass 
la 
la 
la 
la 
lib 
lib 
lib 
Ila 
30% < 
0.31 
0.29 
0.25 
0.28 
0.38 
0.33 
0.40 
0.42 
u 
-
-
-
-
-
-
-
-
K 
< 90% 
0.37 
0.35 
0.33 
0.33 
0.39 
0.39 
0.44 
0.52 
w=50% 
0.34 
0.32 
0.26 
0.30 
0.38 
0.37 
0.43 
0 45 
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TABLE 5.5 
Equilibrium saturation gradient after capillary rise for la systems 
experiment 
3fi22tx 
3fp32tx 
3fp41hx 
3zlts 
2Pk4kx 
4Cltx 
3S33tx 
3S42tx 
5Sw2ex 
5Sw3ex 
9Sw6ex 
Values 
9 
0 
20' 
e 
0 
20» 
350 
350 
350 
350 
215 
360 
360 
360 
550 
550 
925 
Um 
pm 
um 
system 
glass 
glass 
glass 
Um glass 
um 
um 
Um 
um 
um 
um 
um 
beads 
beads 
beads 
beads 
polystyrene 
- toluene 
- toluene 
- hexane 
- toluene 
- heptane 
crushed glass - toluene 
sand -
sand -
sand -
scuid -
sand -
toluene 
toluene 
water 
water 
water 
of 6/R for which A = 
pendular rings 
* 
30 
35 
30 
35 
a^ 
0.44 
0.71 
0.71 
1.42 
pendular rings 
* 
30 
35 
30 
35 
A 
a 
0.44 
0.71 
0.71 
1.42 
TABLE 5.6 
10^  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
< 
44 
46 
46 
40 
40 
39 
32 
32 
32 
31 
32 
\ 
U < 90% 
- 0.61 
- 0.61 
- 0.61 
- 0.64 
- 0.63 
- 0.55 
- 0.51 
- 0.59 
- 0.65 
- 0.72 
- 0.57 
U=50% 
0.53 
0.55 
0.54 
0.54 
0.54 
0.46 
0.43 
0.48 
0.50 
0.53 
0.43 
A = A^ for several configurations 
isolated V 
6/if 
0.12 
0.18 
0.12 
0.18 
-windows 
\ 
0.43 
0.68 
0.62 
1.17 
isolated O-windows 
6/ff 
0 
0.15 
0 
0.15 
\ 
0.45 
0.71 
0.47 
1.06 
array 
6/R 
0.14 
0.24 
0.14 
0.24 
array 
6/R 
0 
0.16 
0 
0.16 
V-
±. 
windows 
\ 
0.43 
0.70 
0.58 
1.01 
-windows 
\ 
0.45 
0.71 
0.45 
0.96 
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The results for lib (and Ila) systems show higher values for 
A . It can therefore be concluded that for Ila/IIb systems not 
only the advancing but also the receding 9 is greater than zero. 
5.4.2. Saturation gradient la systems. In Table 5.5 values of A, (after 
capillary rise) are given for some la systems. The fact that very 
different systems give the same A range further supports the 
hypothesis that 9=0 for these systems. If we compare these figures 
with the data given in section 5.3.2 the following points emerge. 
(i) As predicted there is no capillary rise for A < 0.44 m 
the case of sphere packings. The lower values for angular particles 
may be due to (a) a more pronounced effect of the particle size 
distribution, (8) the fact that smaller windows can occur. 
(ii) The porous medium is completely saturated for A > 0.64. 
At this value about 40-50% of the windows are filled. Hence, the 
closure of the cavities contributes to the continuity of transport 
for A > 0.64, that is to say, a number of windows are closed by two 
windows at A = A > 0.64. Y c 
(ill) Because filled windows contribute only a small part to 
the saturation, it is to be expected that in the region 0.44 < A < 
0.64 a number of cavities is closed, partly from a configuration 
with three windows filled, partly with two windows filled. 
The cavities are closed by Y~''isnisci rising in the windows. In 
Table 5.6 the values of 6/R are given for several configurations 
when A =0.44 and A =0.71. Although the model used is defined to 
contain only V-windows, the values for O-windows are included be-
cause, for a somewhat distorted concave square, which the model 
divides into two V-windows, it seems reasonable to assign to both 
of these V-windows the A value of the O-windows. 
Y 
As can be seen from Table 5.6 the values of 6/R are in the 
range 0.1-0.2. This is the order of magnitude one would expect for 
two windows closing a cavity, noting that 
(i) For a Y'lneniscus in a window of a regular tetrahedral 
cavity (cf section 5.2.5), touching the inscribed sphere, S/R -
0.07. This value might be used as setting the lower boundary for 
A. at which cavities are closed. h 
(ii) The median of the f(A ) of the cavities is at about A = 
r r 
0.375. Assuming this tetrahedron to be formed by four equidistant 
spheres this yields 6/R - 0.12 for the Y~nieniscus touching the 
inscribed sphere. 
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TABLE 5.7 
The values of A^ for some lb systems 
experiment system class ^ l t^ o 
2Pk2rx 
3P'la 
4flg 
3nld 
5Bclle21 
3fp32tx 
2S23tx 
Cammerer 
Heizmann 
[171] 
[72] 
215 U"! polystyrene - acetonitril 
360 Um polystyrene - ethanol 
360 \m glass beads - glycol 
350 \im glass beads - dichloro-
acetic acid 
215 ym glass beads - water 
350 \ira glass beads - toluene 
325 Um sand - toluene 
250 um glass beads - water 
680 \m glass beads - water 
lb 
lb 
lb 
lb 
lb 
la 
la 
lb 
lb 
1.6 
1.1 
1.6 
1.9 
0.93 
0.60 
0.42 
3 
0.52-0.62 
0.57 
0.49-0.57 
0.62 
0.47-0.54 
0.46-0.61 
0.30-0.45 
0.62-1.00 
0.44-0.73 
5.4,2, Saturation gradient lb systems. It has been remarked m 
chapter 2 that we did not succeed in finding lb systems of which 
the saturation gradient at equilibrium could be or was measured 
by means of X-ray absorption. It has now been established that 
all la systems show a saturation gradient m the region A = 0.4-0.7, 
while all Ila and lib systems yield A > 0.7 (see Tables 5.5 and 
5.9). It may therefore be hypothesized that systems that show a 
relatively slow capillary rise and A < 0.7 belong to class lb. 
In Table 5.7 some of these systems, thus classified as lb, are given. 
(It may be noted that in most cases the saturation gradient was 
observed visually.) It is on this basis that these systems have 
been included under class lb in Table 2.1. 
6,4,4, Comparison with suction experiments. In section 1.10.5 it has 
been remarked that one should distinguish: 
(i) Capillary rise and the wetting cycle in a suction experi-
ment, because of the pendular rings present m the latter. 
(ii) Drainage and the drying cycle m a suction experiment, 
because of the difference m kinetics. 
These remarks were based on a priori considerations. From the 
comparison of experimental data, it appears, that, at least for 
spheres and 9=0, the difference, if any, is not large. In Table 
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TABLE 5.8 
Comparison of suc t ion with c a p i l l a r y r i s e and dra inage (9=0) 
d e s c r i p t i o n 
A^for u = 
imbibition 
0.54 
0.54 
0.51 
0.59 
= 50 % 
draining 
0.31 
0.33 
0.36 
0.33 
0.37 
Mason's model [233] 
typical drainage experiment (cf Table 5.4) 
typical capillary r i se experiment (cf Table 5.5) 
capillary r i se in part ly saturated medium (cf Fig 5.6) 
suction; th is laboratory 
suction, Haynes [470] 
suction; Morrow & Harris [478] 
5 . 8 , A a t u=50% i s g iven fo r a number of i m b i b i t i o n and d r a i n i n g 
s i t u a t i o n s . The d i f f e r e n c e s seem t o be w i t h i n e x p e r i m e n t a l e r r o r . ' " 
For d r a i n a g e and t h e d r y i n g c y c l e t h e co r r e spondence i s no t 
unexpec t ed . For t h e two i m b i b i t i o n c a s e s t h e unexpec ted r e s u l t can 
be e x p l a i n e d w i th r e f e r e n c e t o t h e merging of a - m e n i s c i , which 
governs t r a n s p o r t . The p r e s e n c e of ( smal l ) p e n d u l a r r i n g s has no 
i n f l u e n c e . They a r e too f a r away from t h e n e a r e s t Y~ and a - m e n i s c i 
t o c o n t r i b u t e t o t h e c o n t i n u i t y of t r a n s p o r t . Th i s i s f u r t h e r 
i l l u s t r a t e d by t h e f a c t t h a t c a p i l l a r y r i s e i n p a r t l y s a t u r a t e d 
media r e s u l t s m a normal l a b e h a v i o u r . In F ig 5.6 t h e e q u i l i b r i u m 
s a t u r a t i o n g r a d i e n t i s g iven for such a system ( t h e v a l u e s of A 
fo r t h i s exper imen t a r e i n c l u d e d i n Tab le s 5 .5 and 5 . 8 ) . The p r e s -
ence of t h e i n i t i a l s a t u r a t i o n has no s i g n i f i c a n t e f f e c t on t h e 
mechanism of c a p i l l a r y r i s e . 
10. Although very many suction experiments have been reported in the l i te ra ture 
the number of rel iable sources, reporting complete data for the wetting and 
the drying cycle of an irregular sphere packing, are scarce. Therefore, 
only two sources cein be mentioned in Table 5.8. Large differences between 
A for capillary r ise and A, for the wetting cycle, which have been reported, 
e g by Haines, can be ascribed to differences in 9. 
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Fig 5.6. Capillary r i se of toluene m 350 um glass beads. The porous medium 
has ein i n i t i a l saturation of u=20%. 
5.5. Comparison with the experimental data for 9 >> 0 
5.6.1. Mechanism for Ila/IIb systems. A l l I l a / I I b sys tems y i e l d A > 
0 . 7 . Some t y p i c a l v a l u e s a r e g iven i n Table 5 . 9 . The v a l u e s of 
A, K „ a r e i n c l u d e d t o i l l u s t r a t e t h e d i f f e r e n c e between I l a and h I t:-»-0 
l i b s y s t e m s . I l a sys tems t end t o g i v e h i g h e r v a l u e s of A, than l i b 
s y s t e m s . " 
Given the mechanism of capillary rise developed in the previous 
sections, the absence of a saturation gradient strongly suggests 
that, for Ila and lib systems, 20% of the windows are enough to 
maintain transport, the greater part of the cavities closing when 
two windows are filled. Although no detailed arguments can be given 
that this is always true when A > 0.7, the weaker hypothesis that 
with increasing 9 the filling of cavities becomes more favourable 
relative to the filling of the windows, is certainly correct. This 
IS exemplified in Table 5.6 for 9=20°. It can be seen, eg , that 
A for the 20% smallest windows is 0.44 for 9=0 and 0.71 for 9=20°. 
w 
The same change in 9 gives for A , and hence A , a much smaller 
Y o 
change, e spec ia l ly for the O-wmdows. Thus, as i t were, more 
c a v i t i e s become ava i lab le to a s s i s t the windows in maintaining 
t r anspo r t . This ef fec t w i l l become more pronounced at s t i l l higher 
11. I t might be of in teres t that for A I ^ , (which i s equal to A, for I la 
systems) we have never found values between 0.7 and 1.1. Explicit attempts 
to obtain values in th is region did not succeed (cf Table 5 10). 
TABLE 5.9 
A. for some typical Ila and lib systems 
experiment system hi -K) 
eqilibrium 
time (days) 
number of days after 
which no further readings 
were taken 
Islt 125 U"" glass beads - toluene 
3n5t 350 Um glass beads - toluene 
3nplex 350 ym glass beads - water 
3S3e 360 ym semd - water 
2Pklnx 215 ym polystyrene - nitromethane 
2.2 
1.3 
1.7 
2.2 
2.8 
0.82 
0.87 
0.77 
1.13 
<2.1 
15 
5 
60 
66 
62 
40 
144 
114 
3 
5Sa2e 
7Sa4e 
SStlex 
6Stle 
2Pklg 
3f'2p 
e 
550 ym sand - water 
7 80 ym sand - water 
550 ym sand - water 
655 ym sand - water 
215 um polystyrene - glycol 
350 ym glass beads - paraffinic oil 
1.2 
1.5 
6.1 
2.5 
4.1 
2.1 
1.2 
1.5 
6.1 
2.5 
4.1 
2.1 
« 1 
« 1 
«1 
«1 
<1 
<1 
3 
3 
3 
3 
60 
40 
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TABLE 5.10 
Capillary rise of water m 550 U"" sand, subjected to various surface treatments 
Class la/IIa 
experiment treatment 
5Sw3ex 
5Sw2ex 
5Sa4e 
5Sa3e 
5Sa2e 
5St2e 
SStlex 
24 hours at 500°C 
rinsed several times with reagent acetone 
and dried at 80°C 
rinsed with 1.1 acetone/toluene 
rinsed with reagent toluene 
0.31-0.72 
0.32-0.65 
0.52-0.64 
0.57-0.72 
1.16 
1.4 
6.1 
TABLE 5.11 
Capillary rise of toluene in mixtures of 350 um Hb glass beads 
and 360 \im la sand (cf Fig 5.7) 
experiment 
3n92t 
IMlt 
2Mlt 
5M2t 
7Mlt 
3S31t 
% sand 
0 
10 
20 
50 
75 
100 
10 
^ 
% < u < 90 % 
0.68-0.71 
0.63-0.66 
0.50-0.63 
0.40-0.58 
0.31-0.49 
0.31-0.49 
u = 50 % 
0.68 
0.63 
0.56 
0.51 
0.42 
0.42 
Fig 5.7. Capillary rise of toluene in different mixtures of sand and glass 
beads. Cf Table 5.11. 
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We therefore conclude that for Ila/IIb systems: 
(i) A, IS equal to A for the smallest windows, le , A for h w Y 
<ti=30'', as given in Table 5.2. 
(ii) For most cavities, with two windows closed, A < A . 
c w 
(ill) These cavities plus the smallest windows maintain 
transport. 
5.5.2. Intermediate cases. For reasons of clarity the existence of 
intermediate cases between la/Ib and Ila/IIb systems has not been 
mentioned in the previous chapters and sections. Of course they 
exist, but for some reason they seem to be rare. Just by way of 
illustration two examples of provoked intermediate cases are given. 
In Table 5.10 for capillary rise of water in sand, of which the 
surface had been treated m different ways. In Table 5.11 and Fig 
5.7 for mixtures of lib glass beads and la sand. 
5.5.3. Value of 9 for A, = <». Most porespace models imply that h 
IS proportional to cos9. It is only incidentally recognized that 
this IS not true [347,479,480]. The mechanism of capillary rise 
described m this chapter implies that the value of 9 for which 
h =0 corresponds to that for which A (it' = 30°) = °». It is estimated 
that for that configuration 47° < 9 < 53°.'^ This compares rather 
well with the experimental results for polystyrene spheres (see 
Table 4.3). 
6,6. Concluding remarks 
In this chapter a theory has been developed, describing the mech-
anism of capillary rise m dense irregular sphere packings. This 
theory explains the possibility of a saturation gradient of varying 
widths (including the absence of a saturation gradient) depending 
on the value of the contact angle. The general features of the 
theory can be stated a priori and can be summarized as follows. 
(i) In analyzing the mechanism of capillary rise, it is of 
crucial importance to recognize the existence and role of two kinds 
of menisci: the concave Y~™enisci in the windows and the wheel-rim 
a-menisci at the contact-points of the spheres. 
(ii) The mechanism of capillary rise is characterized by a 
continuous merging and generation of a- and Y~'nenisci. Both kinds 
12. The exact value of A for 9=40° is known, being 3.8 [468]. An approximate 
calculation metJiod, which gives A =3.0 for 6=40°, yields 9=45° for A = "». 
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of menisci cont r ibu te to the advancement of the l iquid f ront , but 
the a-menisci are the main agents . 
( i i i ) The maximum height of c a p i l l a r y r i s e i s determined by 
the merging of a-menisci in the smal les t windows. 
(iv) The dependence on the contact angle i s d i f fe ren t for 
the curvature of the a-menisci and tha t of the Y~n'enisci. There-
fore , the r e l a t i v e contr ibut ion of a- and Y'lnenisci to the 
cont inui ty of t r anspor t changes as a function of the contact 
angle. This may cause, in p r i n c i p l e , s i gn i f i c an t differences in 
the nature of c a p i l l a r y r i s e as a function of the contact angle. 
(v) In genera l , a sa tura t ion gradient has to be expected 
a t equi l ibr ium, depending on the s ize d i s t r i b u t i o n of c a v i t i e s 
and windows. (Roughly speaking the windows are f i l l e d by the a-
menisci and the c a v i t i e s are f i l l e d by the Y-menisci.) 
(vi) However, under ce r t a in condi t ions , the cap i l l a ry r i s e 
i s determined completely by the a-menisci in the smallest windows. 
Because there i s a large number of equal-s ized smallest windows, 
in t h i s case no sa tu ra t ion gradient i s formed. 
Because of the extreme d i f f i c u l t i e s involved in e s t ab l i sh ing 
the exact curvature of various menisci a t the l iquid front and the 
exact s t a t i s t i c a l p roper t i e s of i r r e g u l a r packings, the theory 
does not give q u a n t i t a t i v e p r ed i c t i ons , except for conclusion ( i i i ) , 
which i s in fact v e r i f i e d . " From a comparison of the theory with 
the experimental data the following conclusions emerge, which give 
a p o s t e r i o r i support for the theory. ''' 
13. See s ec t i on 5 .4 .2 and Table 5 .5 . The fol lowing minor conclusions c o n t r i b u t e 
f u r t h e r t o t he exper imental v e r i f i c a t i o n of the theory : (i) The theory 
g ive s the c o r r e c t p r e d i c t i o n for dra inage ( sec t ion 5 . 4 . 1 ) . ( i i ) The p r e d i c -
t i o n s of the theory for the wet t ing cycle of a suc t ion experiment are v e r i f i e d 
by the exper imental da ta repor ted in the l i t e r a t u r e ( sec t ion 5 . 4 . 4 ) . ( i i i ) 
The theory p r e d i c t s t h a t no c a p i l l a r y r i s e w i l l take p lace for a con tac t 
angle l a r g e r than about 50 degrees . As t o the order of magnitude t h i s i s 
confirmed by the exper imenta l r e s u l t s for po lys tyrene (sec t ion 4 . 4 ) . 
14. The theory con ta ins about 16 important assumptions. These assumptions are 
supported a l l by a p r i o r i arguments or independent evidence , with the 
except ion of one: The working hypothes i s t h a t t h e r e i s not much over lap in 
the menisci genera ted a f t e r c los ing of a window or c a v i t y (see s e c t i o n 5 . 3 . 2 ) . 
This hypothes i s i s ad hoc in the sense t h a t only under t h i s assumptions the 
theory con ta ins conclusion ( v i ) , and hence ( i x ) . 
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(vii) For systems that display a saturation gradient (contact 
angle approximately zero) the continuity of transport is mainly 
maintained by the a-menisci and the saturation gradient is mainly 
a function of the size distribution of the windows. 
(viii) When the contact angle increases, the contribution of 
the Y~inenisci to the continuity of transport becomes more and more 
significant. 
(ix) For systems that display no saturation gradient at equi-
librium the height of capillary rise follows from conclusion (iii) . 
APPENDIX 
Symbols used in naming the experiments 
The name of an experiment Ct,^y6z^ consists of five symbols containing one or 
more signs. 
a consists of a numeral and/or a capital and indicates the solid phase 
and the particle size 
8 consists of a small letter (with subscripts and/or superscripts) and 
refers to tne applied pre-treatment of the solid surface 
Y consists of a small letter and denotes other properties of the porous 
medium 
6 consists of one or two numerals, the first numeral is a sequence number 
for experiments on identical systems; the second is a sequence number 
for experiments with one and the same porous medium 
e consists of a small letter and designates the wetting phase 
5 consists of a small letter or a numeral and refers to special experimental 
conditions 
The symbols B, Y, and 5 can be absent. For all 6 and Y, 6F^Y-
a solid phase 
1 glass beads "Strahlperlen", soda glass, p = 2490 kg/m^; Glass- und Spiegel 
Manufaktur, 465 Gelsenkirchen, West-Germany; 100-150 ym 
2 see 1, 150-300 ym 
3 see 1, 300-400 Um 
4 glass beads "Ballotini", lead glass, p = 2930 kg/m'; 
Tamson, Zoetermeer, Holland; 300-420 ym 
8 soda glass beads, unknown source, 800-900 ym. 
lA alumina silicate glass beads, p = 2800 kg/m^; Corning Glass Works, 
Corning, N.Y. 14830; 100-150 ym 
IB see 4; 53-65 ym 
2B see 4; 90-103 ym 
3B see 4, 105-125 ym 
48 see 4; 125-175 ym 
5R see 4; 175-250 ym 
6B see 4, 250-300 ym 
4C crushed lead glass, 300-420 ym 
IE soda glass beads; Englass, Scudamore Road, Leicester LE 3 lUG, 100-150 ym 
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3E see IE; 300-400 ym 
5G fused silica particles, 420-500 ym 
3K copper beads, 300-420 ym 
IM mixture of glass beads 3 and sand 3S; 10% 3S 
2M see IM; 20% 3S 
3M see IM; 30% 3S 
5M see IM; 50% 3S 
7M see IM; 75% 3S 
P polystyrene spheres "Vestyron", p = 1040 kg/m'; 
Chemische Werlce Huls; 350-500 ym 
2P see P; 175-250 ym 
3P see P; 250-300 ym 
3P' polystyrene spheres, unknown source; 300-420 ym 
Is burnt sand; Zand en Grintzifteri] "De Combinatie", Papendrecht-Holland; 
150-250 ym 
2S see IS; 250-400 ym 
3S see IS; 300-420 ym 
3s' sand taken from the shore at Kijkduin, The Netherlands; 300-420 ym 
5S see IS; 500-600 ym 
6S see IS; 600-710 ym 
7S see IS; 710-850 ym 
9S see IS; 850-1000 ym 
lu glass beads, p = 2370 kg/m'; unknown source; 90-105 ym 
2U see lU; 105-125 ym 
3U see lU; 125-175 ym 
IX pyrex glass beads, p = 2900 kg/m'; Pulles & Hanique, Eindhoven, Holleind, 
125-175 ym 
6 pre-treatment solid surface (cf Table 3.2) 
a heat, water, acetone 
e water 
f detergent, 5% HF (30 min), water, acetone 
f' detergent, 5% HF (2x30 mm) , water, acetone 
f^  detergent, 5% HF (3x30 mm) , water, acetone 
f' detergent, 65% HF (15 min), water 
f' detergent, 5% HF (2x30 min), water 
f detergent, 5% HF (30 min), water, acetone, toluene, sulfo-chromic acid, 
water, acetone 
f_ as f followed by: toluene, acetone, 5% HF (30 m m ) , water, acetone 
k heptane 
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n detergent, warm nitric acid (30-60 min), water, acetone 
s detergent, boiling sulfo-chromic acid (10-60 min), water,(acetone) 
t reagent toluene 
t' impure toluene 
w heat (500-600°C) 
Y properties porous medium 
(void) particle packing supported by a Jena glass filter PO (160-250 ym) 
b particle packing supported by a filter made from the same particles 
that constitute the packing 
c consolidated porous medium 
d diameter of porous medium 15 mm (usually it is 23 mm) 
1 particle packing supported by unknown filter 
p particle packing supported by a Jena glass filter P4 (10-16 ym) 
r rectangular porous medium 
E wetting phase (reagent quality if not otherwise specified) 
a ethanol 100% 
b a-bromonaphtaline; Merck 
c acetone; Merck 
d di-chloroacetic acid; Brocades 
e water, double distilled 
e' water with surface active agent 
f formamide; Merck 
g glycol; UCB 
h n-hexane, chromatographically pure for 99.5+% 
k n-heptane, impure; Phillips 
m methylene iodide; BDH 
n nitromethane; Merck 
p paraffin oil (medicinal) 
r acetonitril; Fisher 
t toluene; UCB; MSB; BDH; Baker 
C special experimental conditions 
(number) the number indicates the counter pressure in cm H2O (cf section 3.5) 
d drainage experiment 
e the experiment was performed m an atimosphere saturated with the 
wetting liquid 
s capillary rise in a partly saturated porous medium 
V the experiment was performed at low pressure (cf section 3.4.1) 
X the saturation gradient was measured by means of X-ray absorption. 
LIST OF SYMBOLS 
[ 1 / i ] 
[L] 
[ i V e ] 
[ i V 9 ] 
[ t V 9 ] 
[L/e'] 
[ i l 
[ t ] 
C sum of inverse radii of curvature, cf eq (1.10) 
d particle diameter 
III molecular diffusion coefficient of species A in 
species B 
iD effective diffusion coefficient, cf eq (1.2) 
ID moisture diffusivity, cf eq (1.17) 
g acceleration of gravity 
h height, vertical coordinate 
h equilibrium height of capillary rise 
J intensity of X-rays, cf section 2.2.4 
J diffusional mass flux of component A (relative to [M/L^Q] 
the mass-average velocity of the gas mixture), cf 
eq (1.2) 
k permeability, cf eq (1.7) [i/9] 
k Boltzmann constant (in sections 4.2 and 4.3) [Mt^/9^r] 
I length of a tube [L] 
I film thickness, cf section 4.2.4 [L] 
L distance [L] 
M molecular weight 
p, break-through pressure, cf eq (1.20) [M/LQ^] 
p capillary pressure, cf eq (1.10) [M/LB^] 
p, disjoining pressure, cf eq (4.9) [M/£9^1 
p saturated vapour pressure [M/LB^] 
p vapour pressure [M/LQ^] 
AP pressure dificiency [L] or 
[M/L92] 
q liquid flux, filter velocity, cf eqs (1.5-7) [L/B] 
q^ heat flux, cf eq (1.1) [W/9'] 
Q diffusibility (in chapter 1 ) , cf eq (1.3) [M/9'] 
Q = p /p (in chapter 4) 
r tube radius [L] 
r hydraulic radius, cf eq (1.19) [L] 
R gas constant [L^/B^T] 
R cylinder radius (in chapter 5 ) , cf section 5.2.3 [L] 
s -specific surface, (m^ solid surface)/(m' solid [1/^1 
mass) 
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t time [9] 
T temperature [T] 
u liquid content, %vol porespace filled 
Wj^ work of adhesion, cf eq (4.14) [W/9^] 
X coordinate in transport direction [L] 
a angle between vertical and transport direction 
B number of tubes to which a certain tube is con-
nected (chapter 1) 
8 apparent contact angle (chapter 5), cf section 
5.2.3 
Y surface tension [W/9^] 
Y critical surface tension, cf section 4.3.1 [W/9^] 
r surface concentration, cf eq (4.4), mol/cm^ [1/L^] 
6 constrictivity factor (chapter 1), cf section 
1.4.5 
6 distance (chapter 5), cf section 5.2.3 [L] 
E porosity 
n dynamic viscosity [M/LB] 
9 contact angle -
A see eqs (5.1-3) 
A , A, , A , A , A , A see section 5.1.2 
c' h r w a Y 
A see section 5.3.1 -
e 
y chemical potential per unit volume of adsorbed [M/LB^] 
film, cf section 4.2.4 
5 cf eqs (1.21-28) 
TT film pressure, cf eq (4.2) [M/B^] 
p density [M/L'] 
p mass concentration of component A [M/L^] 
T tortuosity, cf section 1.4.1 
^ angle, cf section 5.2.2 
"C capillary potential, pressure height, cf eqs [L] 
(1.7) and (1.9) 
subscripts 
L l i q u i d 
LV liquid-vapour interface 
s solid 
SL solid-iiquid interface 
SV solid-vapour interface 
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superscript 
d contribution of the dispersion forces 
other symbols 
= is defined as, is equivalent to 
<« is proportional to 
= is approximately equal to 
-»• generates, gives rise to (in chapter 5) 
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SAMENVATTING 
Het centrale onderwerp van dit proefschrift is een analyse van 
de verschi]nselen die kunnen worden waargenomen wanneer een vloei-
stof opstijgt in een poreus medium (b.v. water in een stapeling 
van zandkorrels met een diameter m de orde van 0,4 mm). Deze ver-
schi]nselen zi]n in twee opzichten problematisch: 
(i) Als na de capillaire opsti^gmg de evenwichtstoestand 
bereikt is, tussen de zwaartekracht en de capillairkracht, wordt 
soms een brede verzadigingsgradient waargenomen en soms met. Dat 
wil zeggen, soms is er een scherpe scheiding en soms een zeer ge-
leidelijke overgang tussen het geheel met vloeistof verzadigde 
en het droge gedeelte van het poreuze medium. 
(ii) In sommige gevallen is na enige mmuten evenwicht be-
reikt (voor de capillaire opstijging van water m grof zand). In 
andere gevallen echter kan het vele weken duren voordat een even-
wichtstoestand bereikt wordt. 
De vier combinatiemogeli]kheden komen alle voor. Er zi]n dus, 
bi] wijze van spreken, in leder geval vier soorten capillaire op-
sti^ging. 
De inhoud van het proefschrift valt uiteen in twee delen. Het 
eerste hoofdstuk bevat de tekst van een overzichtsartikel betref-
fende het gebruik van capillairmodellen en andere methoden om 
tran"^  portverschi]nselen in poreuze media te beschri3ven. De nadruk 
ligt daarbi] op capillair vloeistof transport. Het eerste hoofdstuk 
IS enerzi]ds de inleiding tot de volgende vier hoofdstukken, welke 
bovengenoemde twee problemen behandelen; anderzi]ds de endogene 
verantwoording van het in de volgende hoofdstukken beschreven onder-
zoek. De belangri]kste conclusies van het eerste hoofdstuk zi]n: 
(i) De pogmgen om capillair vloeistof transport in poreuze 
media te beschrijven zonder de geometrie van de porieruimte m de 
beschouwing te betrekken, zi]n misplaatst. 
(ii) Verschillende transportverschijnselen vereisen verschil-
lende porieruimte modellen. Dit klemt des te meer, daar de in de 
modellen voorkomende parameters veelal bepaald worden via andere 
transportverschijnselen dan waarvoor het model gebruikt wordt. 
(ill) Capillaire opstijgmg is het meest gecompliceerde trans-
portverschi]nsel in poreuze media. Dit blijkt onder meer uit het 
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feit, dat geen der m de literatuur voorgestelde porieruimte model-
len de mogeli]kheid biedt om de bi] capillaire opstijging waarge-
nomen verschi^nselen zelfs maar kwalitatief te verklaren. 
De volgende hoofdstukken zi^n in hoofdzaak gewi]d aan capil-
laire opstijging. In het tweede hoofdstuk worden de gebruikte expe-
rimentele methoden beschreven en de karakteristieken van de vier 
soorten capillaire opstijging toegelicht aan de hand van een groot 
aantal voorbeelden. De meeste experimenten werden uitgevoerd met 
als vaste fase glasbolletjes, zand of polystyreen bolletjes. Naast 
water werden verschillende organische vloeistoffen gebruikt als 
opstijgende vloeistof. In het derde hoofdstuk worden de meer voor 
de hand liggende hypothesen, welke de verschillende soorten capil-
laire opsti^ging zouden kunnen verklaren, geelimineerd (b.v.: meer 
of minder homogene korrelstapelingen; insluiting van lucht; capil-
laire condensatie). 
De poging tot een verklaring van de waargenomen verschijnselen 
wordt in het vierde hoofdstuk ingeleid met de vaststellmg van twee 
empirische wetmatigheden: 
(1) Het optreden van een brede verzadigingsgradient in de 
evenwichtstoestand correleert met een randhoek (bevochtigingshoek) 
van omstreeks nul graden. Een scherp vloeistoffront correleert met 
een randhoek die boven een bepaalde kritische waarde ligt. 
(2) De langzame evenwichtsinstelling wordt veroorzaakt doordat 
ti^dens de capillaire opsti^ging de randhoek daalt. 
Een groot deel van het vierde hoofdstuk is gewi^d aan a priori 
beschouwingen betreffende de randhoek van verschillende systemen. 
Het bli]kt nameli^k, dat een aantal systemen waarvan men dat op 
theoretische gronden m e t zou verwachten een randhoek groter dan 
nul hebben (b.v. glas-hexaan). Een van de conclusies is, dat poly-
moleculaire adsorptie films met een door de vaste fase geinduceerde 
structuur vaker voorkomen dan in het algemeen wordt aangenomen. 
Tenslotte worden in dit hoofdstuk een aantal mechanismen besproken 
die een dalende randhoek kunnen verklaren. Bi] de huidige stand 
van de wetenschap zi^n definitieve conclusies ten aanzien van bo-
vengenoemde wetmatigheid (2) echter nog m e t mogelijk. 
In het laatste hoofdstuk wordt mgegaan op het mechamsme van 
het zich voortbewegende vloeistoffront in een onregelmatige bol-
stapelmg, teneinde te komen tot een interpretatie van bovenge-
noemde wetmatigheid (1). Op basis van a priori beschouwingen en de 
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experimentele resultaten wordt een verklaring gegeven voor het al 
dan m e t optreden van een verzadigingsgradient. Deze verklaring 
omvat de volgende stappen: 
(a) In het vloeistof-damp grensvlak moeten anticlastische en 
concave gedeelten onderscheiden worden. (Anticlastisch wil zeggen, 
dat de kromtestralen een tegengesteld teken hebben.) De anticlas-
tische of o-meniscussen bevmden zich tussen twee bollet^es. De 
concave of Y~meniscussen bevinden zich tussen drie of meer bolle-
tjes. 
(b) Stelle men zich de porieruimte voor als holies verbonden 
door vensters tussen drie of meer bolletjes dan kan het transport-
mechanisme gedacht worden als een continue samenvloeiing en gene-
ratie van meniscussen. De continuiteit van het vloeistof transport 
wordt bewerkstelligd door twee elkaar ondersteunende mechanismen: 
(i) Het vullen van vensters door a-meniscussen die samenvloeien. 
(ii) Het vullen van holtes als een aantal vensters gevuld zi]n. 
(c) De capillaire opsti^gmg is in de eerste plaats afhankelijk 
van de o-memscussen. De Y~nieniscussen vervullen een ondersteunende 
functie doch zijn, alleen, m e t in staat de transportcontinuiteit 
te handhaven. 
(d) In eerste benadering is de verzadigingsgradient in de 
evenwichtstoestand een functie van de venstergrootteverdeling. 
In een onregelmatige bolstapelmg komen een groot aantal vensters 
voor van minimale grootte (te weten het venster tussen drie aan-
liggende bollen). Indien de a-meniscussen, die deze kleinste ven-
sters vullen, samen met de Y~n\eniscussen, de transportcontinuiteit 
kunnen onderhouden zal er geen verzadigingsgradient worden waarge-
nomen . 
(e) De kromming van a- en Y~n'eniscussen hangt op verschillende 
wi]ze af van de randhoek. De bijdrage van de Y~nieniscussen aan de 
transportcontinuiteit is groter bi] grotere randhoeken. Boven een 
bepaalde waarde van de randhoek zal de maximale opsti]ghoogte uit-
sluitend bepaald worden door de vensters van mimmale grootte. 
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